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1. OBJECTIVES 


Can explain, by an understanding of the fundamentals, the basic operating and 
maintenance principles of the different types of Transformers and Power Transformers 
found on an industrial site. It includes the accessories, the electrical protections for the 
Power Transformer. 


After studying part I, the electrician will be able to: 


a 


Explain the fundamental principle of a simple Transformer 


¢ 


Distinguish the different types of Transformers 


es 


Describe the operations and principles of protections of a Power Transformer 


¢ 


Explain the choice of a type of Transformer for a specific use 


¢ 


Differentiate the different types of insulation for a Power Transformer 


es 


Explain the operation of the different Safety Devices associated with a Power 
Transformer. 


es 


Acknowledge the purpose of maintenance for Power Transformer 


es 


Explain the hazards associated with operation and maintenance of Power 
Transformer. 


At the end part Il, the electrician (the same electrician) must be able to carry out the 
following for a power transformer: 
* Differentiate and list the common failures and the possible failures 


* Explain the different parameters characterising a transformer 


¢ 


Determine and calculate the power of the transformer to be used 


es 


Check the operating parameters and analyse the possibilities of malfunctions, 
particularly overloads 


¢ 


Choose a current transformer and explain its characteristics 


es 


Differentiate and list the protective devices on the transformer and the electrical 
protection systems 


¢ 


Size the protection relays 
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* Understand and apply the maintenance programme 


* Explain the measurements and analyses performed on the immersion fluid (oil). 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 9 / 209 


Field Operations Training 
Electrical Maintenance 


TOTAL Transformers and Power Transformers 


PART | 


TRANSFORMERS 
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2. CONSTRUCTION / THEORY 


2.1. INTRODUCTION 


A transformer is a stationary device for transferring AC current electrical energy from one 
circuit to another circuit by electromagnetic means. 


A transformer is an electrical device that transfers energy from one circuit to another by 
magnetic coupling with no moving parts. A transformer comprises two or more coupled 
windings, or a single tapped winding and, in most cases, a magnetic core to concentrate 
magnetic flux. A changing current in one winding (the primary winding) creates a time- 
varying magnetic flux in the core, which induces a voltage in the other windings 
(secondary winding). 


Primary Secondary 
winding ; winding 
Agi, burns Me ture 


Primary 
current 


Figure 1: Basic principle of a ‘classic’ Transformer 


The transformer is one of the simplest of electrical devices, yet transformer designs and 
materials continue to be improved. 


Transformers come in a range of sizes from a thumbnail-sized coupling transformer hidden 
inside a stage microphone to huge gigawatt units used to interconnect large portions of 
national power grids. All operate with the same basic principles and with many similarities 
in their parts. 
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Transformers and Power Transformers 


From few VA to 25 MVA 


And even more power!! 


Figure 2: Different types of transformers 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 12 / 209 


Field Operations Training 
Electrical Maintenance 
TOTAL Transformers and Power Transformers 


2.1.1. History of the Transformer 


Michael Faraday built the first transformer in 1831, although he used it 
only to demonstrate the principle of electromagnetic induction and did 
not foresee the use to which it would eventually be put. 


Figure 3: Michael Faraday 


Russian engineer Pavel Yablochkov in 1876 invented a lighting system based on a set of 
induction coils, where primary windings were connected to a source of alternating current 
and secondary windings could be connected to several "electric candles". As the patent 
said such a system "allows to provide separate supply to several lighting fixtures with 
different luminous intensities from a single source of electric power". Evidently the 
induction coil in this system operated as a transformer. 


Lucien Gaulard and John Dixon Gibbs, who first exhibited a device called a 'secondary 
generator’ in London in 1881 and then sold the idea to American company Westinghouse. 


This may have been the first practical power transformer. They also exhibited the invention 
in Turin in 1884, where it was adopted for an electric lighting system. Their early devices 
used an open iron core, which was soon abandoned in favour of a more efficient circular 
core with a closed magnetic path. 


William Stanley, an engineer for Westinghouse, who built the first practical device in 1885 
after George Westinghouse bought Gaulard and Gibbs' patents. The core was made from 
interlocking E-shaped iron plates. This design was first used commercially in 1886. 


Hungarian engineers Karoly Zipernowsky, Otto Blathy and Miksa Déri at the Ganz 
company in Budapest in 1885, who created the efficient "ZBD" model based on the design 
by Gaulard and Gibbs. 


Russian engineer Mikhail Dolivo-Dobrovolsky in 1889 developed the first three-phase 
transformer. 
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2.1.2. Physical Elements of a Transformer 


A transformer consists of two or more windings placed on the same magnetic path. 


AC SUPPLY MAGNETIC PATH 


PRIMARY 
WINDING 


LAMINATED Ee 
IRON CORE Sy 


> SECONDARY 
WINDING 


LOAD 


he 
ENERGY IN ENERGY OUT 
INPUT OUTPUT 


Figure 4: Elements of a transformer 


2.1.2.1. Magnetic Path: 


A magnetic path is the core of an electromagnet or inductor. The properties of an 
electromagnet or inductor will be influenced by the core with the most important factors 
being: 

» the geometry of the magnetic core. 

» the amount of air gap in the magnetic circuit. 


the magnetic core material (especially permeability and hysteresis). 


» the temperature of the core. 
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2.1.2.2. Commonly used magnetic core structures 


Straight cylindrical rod: used in Coils 


Single "I" core: Like a cylindrical rod but square, rarely used on its own 


all 


Figure 5: U-shaped core, with sharp Figure 6: C-shaped core, with rounded 
corners corners 


"C" or "U" core: 


U and C-shaped cores are the simplest solution to form a closed magnetic circuit, when 
used alongside a / or another C or U' core. 


“E” core: 


Us a ow 


ail yoda = Figure 8: EFD core Figure 9: ER core Figure 10: EP core 


E-shaped core are more symetric solutions to form a closed magnetic system. Most of the 
time, the electric circuit is wound around the center leg, whose section area is twice that of 
each individual outer leg. 


The EFD' core allows for construction of inductors or transformers with a lower profile 
The ER core has a cylindrical central leg. 


the EP core is halfway between a E and a pot 


“E” and “I” cores: 


Sheets of suitable iron stamped out in shapes like the (sans-serif) letters "E" and "I", are 
stacked with the "I" against the open end of the "E" to form 3-legged structure; coils can be 
wound around any leg, but usually the center leg is used. This type of core is much used 
for power transformers, autotransformers, and inductors. 
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Pair of “E” cores 

Construction of an inductor using two ER cores, a plastic 
bobbin and two clips. The bobbin has pins to be soldered to a 
printed circuit board 


Figure 11: Inductor with two ER cores 


The exploded view of the previous figure shows the structure 
With a single winding it is a coil 


With several winding it becomes a transformer (or 
autotransformer) 


Figure 12: Exploded view of inductor with two ER 
cores 


Again used for iron cores. Similar to using an "E" and 
"I" together, a pair of "E" cores will accommodate a 
larger coil former and can produce a larger inductor or transformer. lf an air gap is 
required, the centre leg of the "E" is shortened so that the air gap sits in the middle of the 
coil to minimise fringing (dispersion of magnetic lines) and reduce electromagnetic 
interference. 


Pot core: 


Usually ferrite or similar. This is used for inductors and 
transformers. The shape of a pot core is round with an internal 
hollow that almost completely encloses the coil. Usually a pot 
core is made in two halves which fit together around a coil 
former (bobbin). This design of core has a shielding effect, 
preventing radiation and reducing electromagnetic interference 


Figure 13: Pot core 
Toroidal core: 


This design is based on a circular toroid, similar in shape to a doughnut. The coil is wound 
through the hole in the doughnut and around the outside, an 
ideal coil is distributed evenly all around the circumference of 
the doughnut. This geometry will turn the magnetic field around 
into a full loop and thus will naturally keep the majority of the 
field constrained within the core material. 


Figure 14: Toroidal core 


It makes a highly efficient and low radiation transformer, (used 
for Current Transformer) popular in hi-fi audio amplifiers where desirable features are: high 
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power, small volume and minimal electromagnetic interference. It is, however, more 
difficult to wind an electrical circuit around it than with a splitable core (a core made of two 
elements, like two E). Automatic winding of a toroidal core requires a specific machinery. 


Planar core: 


Figure 15: Planar core 


Figure 17: Exploded view of a 


Figure 16: Planar inductor ‘ 
planar inductor 


The exploded view that shows the spiral track made directly on the printed circuit board 


A planar core consists of two flat pieces of magnetic material, one above and one below 
the coil. It is typically used with a flat coil that is part of a printed circuit board. This design 
is excellent for mass production and allows a high power, small volume transformer to be 
constructed for low cost. It is not as ideal as either a pot core or toroidal core but costs 
less to produce 


2.1.2.3. Laminated Silicon Iron (Steel) Core 


Our application for Power Transformers 


lron is desirable to make magnetic cores, as it can withstand high levels of magnetic field 
(up to 2.16 teslas at ambient temp). However, as it is a relatively good conductor, it cannot 
be used in bulk form: Intense eddy currents would appear due to the magnetic field, 
resulting in huge losses (this is used in induction heating). 


Two techniques are commonly used together to increase the resistivity of iron: lamination 
and alloying of the iron with silicon 


» Lamination: 


Laminated magnetic cores are made of thin, insulated iron sheets. Using this technique, 
the magnetic core is equivalent to many individual magnetic circuits, each one receiving 
only a small fraction of the magnetic flux (because their section is a fraction of the whole 
core section). Furthermore, these circuits have a resistance that is higher than that of a 
non-laminated core, also because of their reduced section. From this, it can be seen that 
the thinner the laminations, the lower the eddy currents.(see paragraph 2.1.3.2. on 
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Foucault current = Eddy current) Caution in the figure Eddy current lines forces should be 
perpendicular to magnetic lines flux 


t non i LAMINATIONS OF CORE 
Figure 18: Laminated core 


The iron core of a transformer is made up of sheets of rolled iron with 2 sets of “E” shape 
sheets embedded in each other. This iron is treated so that it has a magnetic core highly 
magnetic conducting quality (high permeability) throughout the length of the core. 


Permeability is the term used to express the case with which a material will conduct 
magnetic lines of force). The iron also has a high ohmic resistance across the plates 
(through the thickness of the core). 

It is necessary to laminate the iron sheets to reduce heating of the core 


Figure 19: Laminated core transformer showing edge of laminations at top of unit. 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 18 / 209 


Field Operations Training 
Electrical Maintenance 
TOTAL Transformers and Power Transformers 


» Silicon Alloying: 


A small addition of silicon to Iron (around 3%) results in a dramatic increase of the 
resistivity, up to four times higher. Further increase in Silicon concentration impairs the 
steel's mechanical properties, causing difficulties for rolling. 


Among the two types of silicon steel, grain-oriented (GO) and grain non-oriented (GNO), 
GO is most desirable for magnetic cores. It is anisotropic, offering better magnetic 
properties than GNO in one direction. As the magnetic field in inductor and transformer 
cores is static (compared to that in electric motors), it is possible to use GO steel in the 
preferred orientation 


» Carbonyl Iron: 

Powdered cores made of carbonyl iron, a highly pure iron, have high stability of 
parameters across a wide range of temperatures and magnetic flux levels, with excellent Q 
factors between 50 kHz and 200 MHz. Carbonyl iron poweder are basically constituted of 
micrometer-size balls of iron wrapped in an isolating layer. This is equivalent to a 
microscopic laminated magnetic circuit (See silicon steel, above), hence reducing the eddy 
currents. 

A popular application of carbonyl iron-based magnetic cores is in broadband inductors. 

» /ron Powder: 

Powdered “solid” cores made of hydrogen reduced iron have higher permeability but lower 
Q. They are used mostly for electromagnetic interference filters and low-frequency chokes, 
mainly in switched-mode power supplies 


See eddy currents in the next paragraph 


2.1.2.4. Winding 


A transformer has two windings; the primary winding and the secondary winding. 


» The primary winding in the coil which receives the energy. It is formed, wound and fitted 
over the iron core. 


» The secondary winding is the coil, which discharges the energy at a transformed or 
changed voltage. 


When a changing or alternating current is impressed on the primary winding, the 
changing primary current produces a changing magnetic field in the iron core. 


This changing field cuts through the secondary coil and this induces a voltage depending 
on the number of conductors in the secondary coil out by the magnetic lines. (Next 
paragraph) 
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LAMINATIONS SECONDARY LAMINATED 
a WINDING cane 


WINDING 


SECONDARY 
WINDINGS 
PRIMARY 
WINDINGS 
When the laminations are U-shaped, the assembled This laminated core transformer is called a 
transformer is called a "shell core” type. "closed core" type 


Figure 20: Transformer windings 


The wire of the adjacent turns in a coil, and in the different windings, must be electrically 
insulated from each other. The wire used is generally magnet wire. Magnet wire (or 
enameled wire) is a copper wire with a coating of varnish or some other synthetic coating. 


The conducting material used for the winding depends upon the application. Small power 
and signal transformers are wound with solid copper wire, insulated usually with enamel, 
and sometimes additional insulation. Larger power transformers may be wound with wire, 
copper, or aluminum rectangular conductors. 


Strip conductors are used for very heavy currents. High frequency transformers operating 
in the tens to hundreds of kilohertz will have windings made of Litz wire to minimize the 
skin effect losses in the conductors. Large power transformers use multiple-stranded 
conductors as well, since even at low power frequencies non-uniform distribution of current 
would otherwise exist in high-current windings. 


Figure 21: Several winding for core types toroidal and “E” 


Each strand is insulated from the other, and the strands are arranged so that at certain 
points in the winding, or throughout the whole winding, each portion occupies different 
relative positions in the complete conductor. This "transposition" equalizes the current 
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flowing in each strand of the conductor, and reduces eddy current losses in the winding 
itself. 


Windings on both the primary and secondary of power transformers may have external 
connections (called taps) to intermediate points on the winding to allow adjustment of the 
voltage ratio. 

Taps may be connected to an automatic, on-load tap changer type (power transformer) of 


switchgear for voltage regulation of distribution circuits 
(These subjects are seen in following chapters) 


2.1.3. Practical Consideration 


2.1.3.1. Limitations 


Transformers alone cannot do the following: 
m» Convert DC to AC or vice versa 
» Change the voltage or current of DC 
» Change the AC supply frequency. 


However, transformers are components of the systems that perform all these functions. 


2.1.3.2. Energy Losses 


An ideal transformer would have no losses, and would therefore be 100% efficient. In 
practice, energy is dissipated due both to the resistance of the windings known as copper 
loss or I? R loss, and to magnetic effects primarily attributable to the core (known as iron 
loss measured in watts per unit of weight). 


Transformers are, in general, highly efficient. 

Large power transformers (over 50 MVA) may attain an efficiency as high as 99.75%. 
Small transformers, such as a plug-in "power brick" used to power small consumer 
electronics, may be less than 85% efficient. 

Transformer losses arise from: 

» Winding Resistance 

Current flowing through the windings causes resistive heating of the conductors (I? R loss). 


At higher frequencies, skin effect and proximity effect create additional winding resistance 
and losses. 
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» Eddy Current (Foucault Current) As the metal 
plate moves 
. through the 
As the circular plate moves down (V) through a magnetic field 
small region of constant magnetic field (B) directed pam gee 
into the page, eddy currents (I) are induced in the induced 


plate. The direction of those currents is given by 
Lenz's law 


Note: in a transformer, the plates (laminated 
sheets) do not move, but the Eddy current is 
nevertheless existing. 


Figure 22: Eddy current 


Induced eddy currents circulate within the core, causing resistive heating. Silicon is added 
to the steel to help in controlling eddy currents. Adding silicon also has the advantage of 
stopping aging of the electrical steel that was a problem years ago. 


» Hysteresis Losses 


Each time the magnetic field is reversed (50 times per second in 50 HZ) , a small amount 
of energy is lost to hysteresis within the magnetic core. The amount of hysteresis is a 
function of the particular core material. 


» Magnetostriction 


Magnetic flux in the core causes it to physically expand and contract slightly (or change in 
physical dimensions) with the alternating magnetic field, an effect known as 
magnetostriction. This in turn causes losses due to frictional heating in susceptible 
ferromagnetic cores. 


» Mechanical Losses 


In addition to magnetostriction, the alternating magnetic field causes fluctuating 
electromagnetic forces between the primary and secondary windings. These incite 
vibrations within nearby metalwork, creating a familiar humming or buzzing noise, and 
consuming a small amount of power. 


» Stray Losses 


Not all the magnetic field produced by the primary is intercepted by the secondary. A 
portion of the leakage flux may induce eddy currents within nearby conductive objects, 
such as the transformer's support structure, and be converted to heat. 
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» Cooling Systems 


Large power transformers may be equipped with cooling fans, oil pumps or water-cooled 
heat exchangers designed to remove the heat caused by copper and iron losses. The 
power used to operate the cooling system is typically considered part of the losses of the 


transformer. 
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3. ELECTRICAL DEFINITIONS 


3.1. TRANSFORMER AND MAGNET FORMULAE’S 


3.1.1. Permeability 


Permeability henrys permetre w=L/d 


Although, magnetic permeability is related in physical terms most closely to electric 
permittivity, it is probably easier to think of permeability as representing ‘conductivity for 
magnetic flux’; just as those materials with high electrical conductivity let electric current 
through easily so materials with high permeabilities allow magnetic flux through more 
easily than others. Materials with high permeabilities include iron and the other 
ferromagnetic materials. Most plastics, wood, non ferrous metals, air and other fluids have 
permeabilities very much lower 


Just as electrical conductivity is defined as the ratio of the current density to the electric 
field strength, so the magnetic permeability, yu, of a particular material is defined as the 
ratio of flux density to magnetic field strength 


This information is most easily obtained from the magnetization curve. Figure MPC (under) 
shows the permeability (in black) derived from the magnetization curve (in colour) 
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Figure 23: Permeability curve for iron 
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wu=B/H 


y= Permeability. In tesla per amperes/metre 
B = Flux density: tesla. 
H = Magnetising force, amperes/metre. 


U for non magnetic materials is generally about 1. For ferromagnetic materials iron, steel 
etc U varies significantly as H increases. To illustrate this point ref to figure below showing 
a very approximate B/H curves for different ferromagnetic materials 
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Figure 24: Approximate B/H curves for different ferromagnetic materials 


3.1.2. Magnetising Force 


Magnetic Field Intensity or Magnetizing Force (H) (measured in Oersteds or Amperes/m): 
The mmf per unit length. H can be considered to be a measure of the strength or effort that 
the magnetomotive force applies to a magnetic circuit to establish a magnetic field. 


H may be expressed as: 
H = Ni/le 
H = Magnetising force: amperes/metre or Oersted 
N = Number of turns in magnetising coll. 
I= Current: ampere 


le = The mean length of the magnetic circuit in meters 


Common industry practice uses a magnetizing force of .01 Oersted (79.6 amp-turns/m) to 
find the initial permeability of a magnetic material. 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 25 / 209 


Field Operations Training 
Electrical Maintenance 
TOTAL Transformers and Power Transformers 


3.1.3. Transformer Sequences of operation 


To arrive at the end of the “transformation” is to have an induced voltage in secondary coil 
with the ‘final equation’, (or ‘Boucherot’ formula) 


E=4.44N.f.9 
E = Induced voltage in turns 
N = Number of turns 
f = Frequency: hertz 
p= Magnetic flux: weber 


and having detailed here above, 2 intermediate parameter (u and H) you need to follow the 
Sequence of operation 


In transformer design you would normally like to deal in terms of the voltages on the 
windings. However, the key to understanding what happens in a transformer (or other 
wound component) is to realise that what the transformer really cares about is the current 
in the windings; and that everything follows on from that. 
» The current in a winding produces magneto-motive force 
Fr=I%*N_ in ampere-turns 
» The magneto-motive force produces magnetic field 
H=F,,/I. in ampere-turns per metre or in Oersted 
» The magnetic field produces magnetic flux density 
B=y*H intesla 
» Summed over the cross-sectional area of the core (Ae in m7?) this equates to a total flux 
®=B*x A, in webers 
» The flux produces induced voltage (EMF) 
e=Nxd@M/dt involts equivalent to E = 4.44 N.f.o 
If you can follow this five step sequence then building a mental image of a magnetic 
component becomes simpler. Remember, you put in a current and get back an induced 
voltage. In fact, if you can treat the permeability as being linear, then the constants N, le, U 
and A, can be lumped together into one constant for the winding which is called (surprise!) 


Inductance, L 


L=yxA.*N?/I. in henrys 
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3.2. VOLTAGE RATIO 


3.2.1. The transformation ratio 


According to Lenz's Law, one volt 


is induced when 100 000 000 
magnetic lines of force are cut in 
one second. 


Figure 25: Transformation ratio 


The primary winding of a 
transformer supplies the 
magnetic field for the core. 


The secondary winding, when 
placed directly over the same 
core (on separate core), supplies 
the load with an induced voltage, 
which is proportional to the 


Bobine Bobine 
primaire secondaire 
ou “primaire” ou “second. 
N| spires N N2 spires 
convention récepteur Circuit magnétique. convention 

Il canalise le flux magnétique. 

Il est consitué de tdles 

ferromagnétiques isolées les unes des 

autres pour réduire les pertes 

ferromagnétiques 


number of conductors cut by the flux of the core. 


This shell-type transformer is designed to reduce the voltage of the power supply, primary 
and secondary being winded on the same core. 


AC 
Supply 


Or E1 
F th welled Gt - -_ ) 
| | Np I 
I 1 | \Core 
| : 
| Flux 
| Ns I 
1 i I 
\ 1\ ] 
ee me | oe ot 
Or E2 Ee Single-Phase 
Transformer 
Connections 
Or l2 


When the primary winding (and core) is dropped inside 
the secondary winding, more magnetic lines of force will 
cut the secondary winding, with the result that more 
voltage will be induced 

N p = N1 = Number of turns in the primary winding 

N s = N2 = Number of turns in the secondary winding 

| p = Current-in the primary windi ng 


| s = Current in the secondary winding 


Figure 26: Example of shell-type transformer 
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And schematically for a single phase transformer: 


i i2 
- : For a « perfect » transformer, all magnetic flux induced 
by the primary is taken by the secondary 
uy eC} e9 ud 
And using the ‘Boucherot’ formula e = N x d®/dt 
Nj N2 Figure 27: Single phase transformer 
u1 = -e1 = N1 d&/dt and u2=e2=-N2 do/dt 


u2/u1=-N2/N1=-m with u2 =-mu1 


m is the transformation ratio. Voltage u1 and u2 are phase opposite 


At time ‘t’ u1 and u2 are in opposition with 
their winding being wired the same way 


Can you not foresee some possibilities of 
‘problem’ when coupling coils in primary or 
secondary of multi-voltage transformers 
with separate windings? See polarity in 
following paragraph 3.2.5. 


20 ms for 50 Hz 


3.2.2. The equal turns ratio 


It is the ‘isolation’ transformer 
If the primary and secondary have the same number of turns, the voltage induced into 
the secondary will be the same as the 
voltage impressed on the primary. It is 
the case for the figure under, note that 
there is no Primary no Secondary as the 
connections can be done indifferently 


Figure 28: Transformer equal turns ratio 


Note: 

Intended to transform from one voltage 
to the same voltage, the two coils have 
approximately equal numbers of turns, 
although often there is a slight difference in the number of turns, in order to compensate 
for losses (otherwise the output voltage would be a little less than, rather than the same 
as, the input voltage). In that case Primary and Secondary sides are well defined 
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3.2.3. Step down transformer 


If the primary has more turns than the secondary, then the voltage induced in the 
secondary windings will be stepped 
down in the same ratio as the number of 
turns in the two windings. If the primary 
voltage is 220 volts, and there are 100 
turns in the primary and 50 turns in the 
secondary, then the secondary voltage 
will be 110 volts. This would be termed 
a "step down" transformer as shown in 
figure under. 


lary 


Figure 29: Step down transformer 


Transformation Ratio: m=u2/u1=N2/N1=110/ 220 = 50/100 =0.5 


3.2.4. Step up transformer 


A "step up" transformer would have more turns on the secondary than on the primary, 

and the reverse voltage relationship would hold true. If the voltage on the primary is 220 

volts, and there are 50 turns in the primary and 100 turns in the secondary, then the sec- 
ondary voltage would he 440 volts. 


The relationship between the number 

of turns on the primary and secondary 
and the input and output voltages on a 
step up transformer is shown in figure 
under. 


Figure 30: Step up transformer 


Transformation Ratio: m=u2/u1=N2/N1 =220/ 4400 = 100/50=2 
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3.2.5. Single phase transformer - Polarity 


Polarity is the relative direction of induced voltages between the primary and secondary 
terminals. See sine forms in figure 3.2.1 above. 


Both terminals have the same polarity when at a given instant during most of each half 
cycle, the current enters the identified, similarly marked primary lead and leaves the 
identified, similarly marked secondary terminal in the same direction as though the two 
terminals found a continuous circuit. 


Polarity can be shown schematically. The terminals that have the same polarity are 
marked by a dot next to each one, or a small line through the terminals. 


In direct current there are positive and negative (permanent) polarities which are fixed. 
In alternating current there is only relative polarity (at instant ‘t’) . 


There are two types of relative ak) #2 H1 H2 
polarity: additive and subtractive. 
(See Figure) GRE Ty Ee 
The nameplate on the transformer ° . 
will indicate the polarity. 
*(—] . 

Figure 31: Subtractive and Additive Pp - | 

Polarity ws ' m1 xa 
Letter ‘H’ is for Primary (High generally) with marks H1 and H2 
Letter ‘X’ is for the Secondary with marks X1 and X2 
A ‘dot’ can show the polarity in complement of letters, sometimes alone (without letters) 


Depending the connections either in primary or secondary, the voltage would be additive 
or subtractive, in phase or in reverse polarity between 1ary and Z2ary. 
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Example 1: primary simple (but double coil) and secondary simple 


P41 
115¥V 
S 
12 
PZ 
115¥ 


Figure 32: Simple primary and secondary 


In primary, the ‘dot’ corresponds to H1 if a 220V supply is connected and at the middle tap 
when 115V is connected. 
In secondary; the ‘dot’ corresponds to X2 


Example 2: primary double and secondary double 


In this configuration, several possibilities could occur, 
according to the connections done especially if no 


indication for the polarity of coils 

P41 
With a 115V supply on ‘ary, one coil connected = no 415¥ 3 
problem to have 6V on both coils of 2ary 


With 115V supply on tary, the 2 coils connected in 
parallel, 2 solutions for 2ary: P? 


Figure 33: Double primary and secondary 


a) No voltage! - The coil are connected opposite 
b) No problem, there is 6V on both 2ary coils — tary coils are in phase 


For 2ary with either 220 or 115V supply on ‘ary, it is the same ‘dilemma’. 

For 2 independent 6V use, no problem 

With the two 6V coils connected in parallel, there could be OV (coils in opposition) 
With the two 6V coils connected in series, there could be OV or 12V. 


Conclusion: we deal in this present paragraph with simple transformers, and you can 
realise that even here, there is a “connection problem” which can lead to malfunction in a 
system. Wrong windings wiring occurs effectively on site, on this type of “control 
transformer” but also in some instrument transformers, in 3 phase’s distribution. It never 
(normally) happens for power transformer for which the coupling of windings is thoroughly 
checked by the vendor and/or the site specialist (but..........) 
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3.3. CURRENT RATIO 


The current ratio is the product of 
the number of turns by the value of 
the current in the primary, which is 
equal to the number of turns by the 
current in the secondary. 


Figure 34: Current Ratio in 
transformer 


If we consider that transformers are 100%.efficient and we assume that the primary 
current is integrally “reproduced” at the secondary (Watts input = Watts output), we have 


Np. lp =Ns .Is or Np/Ns=Is/Ip 

And comparing with the voltage ratio, it is the “same” one in reverse 

For the figure above: Np /Ns = 100/50 =Is/Ip =10/5=2 =Vp/Vs = 220/110 
Example: fora 1000 W, 100/200 V step up (perfect) transformer, what are the current Is 
and Ip 

We consider that the power is kept totally in secondary: 


Is = 1000 / 200 = 5A and Ip = 1000 / 100 = 10A 


3.4. EFFICIENCY 


The efficiency (“rendement” in French) of all machinery is the ratio of the output to the 
input: 


P output 
Efficiency = —————— 
P input 


Watts input = Watts output + losses. 
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TOTAL 


The simple way to know the efficiency of one transformer is to test it on charge measuring 
the power (in watts) absorbed by the 1ary and the power (in watts) delivered by the 2ary. 


In general power transformer efficiency is about 97% loss in voltage. This is due to core 
losses and copper losses. 


The better the quality of core is, the better the efficiency is going to above 99% in high 
power distribution transformers. 
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3.5. EXERCICES 


1. We have a step-down single phase transformer, with a single winding in 1ary and 2ary, 
we assume that Np = 1000 turns, Ns = 250 turns and E supply = 100 volts, 50 hertz. 
What is the secondary voltage? 


2. A step-down transformer is used to drop an alternating voltage from 10,000 to 500V. 
What must be the ratio of secondary turns to primary turns? 


3. If the input current of a step-down single phase transformer is 1 A and the efficiency of 
the transformer is 100 percent, what is the output current? (Draw the corresponding 
schematic diagram to help) 
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4. We have a step-up single phase transformer, with a single winding in tary and 2ary, 
we assume that Np = 500 turns, Ns = 2000 turns and E supply = 5 kvolts, 50 hertz. 
What is the secondary voltage? 


5. A step-up transformer has 400 secondary turns and only 100 primary turns. An 
alternating voltage of 120 V is connected to the primary coil. What is the output 
voltage? (Draw the corresponding schematic diagram) 
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6. Astep-up transformer has 80 primary turns and 720 secondary turns. The efficiency of 
the transformer is 95 percent. If the primary draws a current of 20A at 120 V, what are 
the current and voltage for the secondary? (Draw the corresponding schematic 
diagram) 


7. We have a current ratio single phase transformer, assuming the transformer is “perfect” 
(no loss), we assume that Np = 1000 turns, Ns = 100 turns and Ip = 10 amperes. What 
is the current in the load of secondary? 


8. We have a current ratio single phase transformer, assuming the transformer is “perfect” 
(no loss), we assume that U1 = 1000 volts, U2 = 100 volts and I1 = 10 amperes. What 
is the current in the load of secondary? 
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9. Write the complete relation between Np, Ns, U1, U2, 11, 12. 


10.On a single phase transformer, we measure U1 = 5kV, I1= 1A, U2 = 500V and I2 = 
9.5A. What is the efficiency of this transformer? 


11.A single phase transformer draws 160 W from a 120 V line and delivers 24 V at 5A. 
Find its efficiency 
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4. THE DIFFERENT TRANSFORMERS 


4.1. CLASSIFICATION 


Transformers are adapted to numerous engineering applications and may be classified in 
many ways: 


» By power level (from fraction of a volt-ampere(VA) to over a thousand MVA), 

» By application (power supply, impedance matching, circuit isolation 

By frequency range (power, audio, radio frequency(RF)) 

» By voltage class (a few volts to about 750 kilovolts) 

» By cooling type (air cooled, oil filled, fan cooled, water cooled, etc.) 

» By purpose (distribution, rectifier, arc furnace, amplifier output, etc.). 

» By ratio of the number of turns in the coils 

Variable (Tap Changer) 

The primary and secondary have an adjustable number of turns which can be selected 
without reconnecting the transformer. (seen with accessories chapter) 


Circuit Symbols 
Standard Symbols 


————— Transformer with two windings and iron core. 
Transformer with three windings. 


vs vs |The dots show the relative winding configuration of the windings. 


— ,» ,» « »—  Step-down or step-up transformer. 
——ST+> The symbol shows which winding has more turns, 
. but does not usually show the exact ratio. 


——— __ | Transformer with electrostatic screen, 
SY ¥Y ¥ which prevents capacitive coupling between the windings. 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 38 / 209 


Field Operations Training 
Electrical Maintenance 


TOTAL Transformers and Power Transformers 


‘Classic’ schematic representation for a 
separate winding transformer 


Andwhen considered as a static converter 


Other specific transformers (autotransformer, Current Transformer, etc have their own 
symbols, seen in the following chapters / paragraphs 


4.2. AUTOTRANSFORMERS 


Auto-Transformateur Transformateur 


Sortie 


Sec 


Pri = Primaire, Sec = Secondaire 


Figure 35: Wiring difference Autotransformer / Transformer 


An autotransformer has only a single winding, which is tapped at some point along the 
winding. AC or pulsed voltage is applied across a portion of the winding, and a higher (or 
lower) voltage is produced across another portion of the same winding. 


While theoretically separate parts of the winding can be used for input and output, in 
practice the higher voltage will be connected to the ends of the winding, and the lower 
voltage from one end to a tap. For example, a transformer with a tap at the center of the 
winding can be used with 230 volts across the entire winding, and 115 volts between one 
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end and the tap. It can be connected to a 230 volt supply to drive 115 volt equipment, or 
reversed to drive 230 volt equipment from 115 volts. 
(Step down or Step up) 


As the same winding is used for input and output, the flux in the core is partially cancelled, 
and a smaller core can be used. For voltage ratios not exceeding about 3 to1, an 
autotransformer is cheaper, lighter, smaller and more efficient than a true (two-winding) 
transformer of the same rating. 


In practice, transformer losses mean that autotransformers are not perfectly reversible; 
one designed for stepping down a voltage will deliver slightly less voltage than required if 
used to step up. The difference is usually slight 
enough to allow reversal where the actual voltage 
level is not critical. 


By exposing part of the winding coils and making 
the secondary connection through a sliding brush, 
an autotransformer with a near-continuously 
variable turns ratio can be obtained, allowing for 
very small increments of voltage. 


Figure 36: Example of adjustable autotransformer 


Symbol of the single phase autotransformer 


Symbol of adjustable autotransformer like 
the one on the picture 
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4.3. POLYPHASE TRANSFORMER 


For three-phase power, three separate single-phase transformers can be used 


L1 L2 L3 


a b c 
Figure 37: Three separate single phase transformers for three phase power 


or all three phases can be connected to a single polyphase transformer 


L1 L2 L3 


a b c 
Figure 38: Single polyphase transformer for three phase power 
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The three primary windings are connected together and the three secondary windings are 
connected together. In the polyphase transformer, the magnetic lines flux generated in one 
coil/core are “looped” in the core/coil of the 2 other phases. 


For the 2 representations above primary and secondary are both connected in “star”; it is 
the” Y — Y” or “wye-wye’” connection. Other principles of connections for the 3 phase’s 
transformers to be seen in chapter 8. 


4.4, RESONANT TRANSFORMER 


A resonant transformer operates at the resonant frequency of one or more of its coils and 
(usually) an external capacitor. The resonant coil, usually the secondary, acts as an 
inductor, and is connected in series with a capacitor. When the primary coil is driven by a 
periodic source of alternating current, such as a square or Sawtooth wave at the resonant 
frequency, each pulse of current helps to build up an oscillation in the secondary coil. Due 
to resonance, a very high voltage can develop across the secondary, until it is limited by 
some process such as electrical breakdown. These devices are used to generate high 
alternating voltages, and the current available can be much larger than that from 
electrostatic machines such as the Van de Graaff generator or Wimshurst machine 


Examples: 

Tesla coil 

A Tesla coil is a category of disruptive 
discharge transformer coils, named after 
their inventor, Nikola Tesla. Tesla coils 
are composed of coupled resonant 


electric circuits. 


Figure 39: Tesla coil 


Oudin coil 


A Oudin coil (also called an Oudin Oscillator or Oudin resonator) is a disruptive 
discharge coil. This autotransforming resonator is named after its inventor, Paul Marie 
Oudin, who developed it in conjunction with Jacques d'Arsonval. 


The device is a high frequency current generator which uses the principles of electrical 
resonant circuits. It produces an antinode of high potential. The high-voltage, self- 
regenerative resonant transformer has the bottom end of the primary and secondary coils 
connected together and firmly grounded. 


Oudin coils generate high voltages at high frequency. Oudin coils produce smaller currents 
than other disruptive discharge coils (such as the later version of the Tesla coil). The 
Oudin coil is modified for greater safety 

Ignition coil or induction coil used in the ignition system of a petrol engine 
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An ignition coil (also called a spark coil) is an induction 
coil in an automobile's ignition system which transforms a 
storage battery's 12 volts to the thousands of volts needed 
to spark the spark plugs. 


This specific form of the autotransformer, together with the 
contact breaker, converts low voltage from a battery into 
the high voltage required by spark plugs in an internal 
combustion engine 


Figure 40: Ignition coil 


Flyback transformer of a CRT television set or video monitor. 


A flyback transformer (FBT) or line output transformer (LOPT) is a type of transformer 
used in the power supply that generates the high voltage needed for driving a cathode ray 
tube (CRT) or "picture tube". It generates a voltage of a few kilovolts for a monochrome 
tube, or 10 to 30 kilovolts for a color tube. Unlike a mains (line) transformer, which works 
with sinusoidal alternating currents at 50 or 60 hertz, a flyback transformer operates with 
switched currents at much higher frequencies. 


Electrical breakdown and insulation testing of high voltage equipment and cables. In the 
latter case, the transformer's secondary is resonated with the cable's capacitance. 


4.5. INSTRUMENT — CURRENT TRANSFORMERS 


A current transformer is a type of "instrument transformer" that is designed to provide a 
current in its secondary which is accurately proportional to the current flowing in its 
primary. The secondary current is used for measurement in instrumentation and/or 
electrical devices / apparatus 


The technology and different site 
applications of Current Transformers is 
seen in the following Chapter ‘5’. 


Figure 41: Current transformers used 
in metering equipment for three- 
phase 400 amperes electricity 


supply 


i, Figure 42: Symbol of current transformer 
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4.6. INSTRUMENT — VOLTAGE TRANSFORMERS 


Voltage transformers (VTs) or potential transformers (PTs) are another type of instrument 
transformer, used for metering and protection in high-voltage circuits. They are designed 
to present negligible load to the supply being measured and to have a precise voltage ratio 
to accurately step down high voltages so that metering and protective relay equipment can 
be operated at a lower potential. Typically the secondary of a voltage transformer is rated 
for 69, 100, 110 or 120 Volts at rated primary voltage, to match the input ratings of 
protection relays. 


a, 


Figure 43: ABB, three different types of voltage Transformers 


Symbols: as per the ‘normal’ transformer 


Single phase : ae ou (0 } 
. . Lanad ou 
3 Windings hada | Gadhatde 


The technology and different site applications of Potentiel Transformers is seen in the 
following chapter. 


4.7. PULSE TRANSFORMERS 


A pulse transformer is a transformer that is optimised for transmitting rectangular 
electrical pulses (that is, pulses with fast rise and fall times and a constant amplitude). 
Small versions called signal types are used in digital logic and telecommunications circuits, 
often for matching logic drivers to transmission lines. Medium-sized power versions are 
used in power-control circuits such as camera flash controllers. Larger power versions are 
used in the electrical power distribution industry to interface low-voltage control circuitry to 
the high-voltage gates of power semiconductors. Special high voltage pulse transformers 
are also used to generate high power pulses for radar, particle accelerators, or other high 
energy pulsed power applications. 
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4.8. ELECTRONIC TRANSFORMERS 


4.8.1. RF Transformers (transmission line transformers) 


For radio frequency use, transformers are sometimes made from configurations of 
transmission line, sometimes bifilar or coaxial cable, wound around ferrite or other types of 
core. This style of transformer gives an extremely wide bandwidth but only a limited 
number of ratios (Such as 1:9, 1:4 or 1:2) can be achieved with this technique. 


The core material increases the inductance dramatically, thereby raising its Q factor. The 
cores of such transformers help improve performance at the lower frequency end of the 
band. RF transformers sometimes used a third coil (called a tickler winding) to inject 
feedback into an earlier (detector) stage in antique regenerative radio receivers 


4.8.2. Baluns 


Balun’‘s are transformers designed specifially to connect between balanced and 
unbalanced circuits. These are sometimes made from configurations of transmission line 
and sometimes bifilar or coaxial cable and are similar to transmission line transformers in 
construction and operation. 


4.8.3. Audio transformers 


Transformers in a tube amplifier. Output transformers are on 
the left. The power supply toroidal transformer is on right. 


Audio transformers are usually the factor which limit sound 
quality; electronic circuits with wide frequency response and 
low distortion are relatively simple to design. 


Figure 44; Transformers in a tube amplifier 


A particularly critical component is the output transformer of an audio power amplifier. 
Valve circuits for quality reproduction have long been produced with no other (inter-stage) 
audio transformers, but an output transformer is needed to couple the relatively high 
impedance (up to a few hundred ohms depending upon configuration) of the output 
valve(s) to the low impedance of a loudspeaker. (The valves can deliver a low current at a 
high voltage; the speakers require high current at low voltage.) Solid-state power 
amplifiers may need no output transformer at all. 


For good low-frequency response a relatively large iron core is required; high power 
handling increases the required core size. Good high-frequency response requires 
carefully designed and implemented windings without excessive leakage inductance or 
stray capacitance. All this makes for an expensive component. 
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Early transistor audio power amplifiers often had output transformers, but they were 
eliminated as designers discovered how to design amplifiers without them. 


4.8.4. Speaker transformers 


Pearls 


7 


Pol place Vouce chal 


Figure 45: Cross-section of a dynamic cone loudspeaker. Image not to scale. 


In the same way that transformers are used to create high voltage power transmission 
circuits that minimize transmission losses, speaker transformers allow many individual 
loudspeakers to be powered from a single audio circuit operated at higher-than normal 
speaker voltages. This application is common in public address. Such circuits are 
commonly referred to as constant voltage or 70 volt speaker circuits although the audio 
waveform is obviously a constantly changing voltage. 


4.8.5. Small Signal transformers 


Moving coil phonograph cartridges produce a very small voltage. In order for this to be 
amplified with a reasonable signal-noise ratio, a transformer is usually used to convert the 
voltage to the range of the more common moving-magnet cartridges. 


4.8.6. 'Interstage' and coupling transformers 


A use for interstage transformers is in the case of push-pull amplifiers where an inverted 
signal is required. Here two secondary windings wired in opposite polarities may be used 
to drive the output devices. 


4.9. THE POWER TRANSFORMER 


The Power Transformer, detailed in chapter ‘6’, is the main subject of this course as it is 
the (nearly) only one which need regular operating checks and maintenance 
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5. THE INSTRUMENT TRANSFORMERS 
5.1. GENERALITIES CURRENT AND VOLTAGE 


5.1.1. Principle and safety 


Instrument transformers are used in the measurement and control of alternating current 
circuits. Direct measurement of high voltage or heavy currents involves large and 
expensive instruments, relays, and other circuit components of many designs. 


Their main function is to deal directly with high voltage, high Current (and high Power) on 
their primary side, transform towards the secondary side the measured parameter under 
“safe” and accessible values. 


The use of Instrument transformers, however, makes it possible to use relatively small and 
inexpensive instruments and control devices of standardised designs. 


Danger zone: High 
L1 Voltage High Power 


3 phases 20kV distribution 


L2 


2 MVA total power 


Safe zone: Low Voltage 
Low Power / Current 


Figure 46: Principle of instrument transformers 


Instrument transformers also protect the operator, the measuring devices and the 
control equipment from the danger high voltage. The use of instrument transformers 
results in increased safety, accuracy and convenience. All the indications and control 
equipment are on the safe side, on the front panel of the cubicle / switchgear or in low 
voltage cabinets. 


They are two distinct classes of measurement transformers: the potential transformer and 
the current transformer. (The word "instrument" is usually omitted for brevity). 


The potential transformer operates on the same principle as a power transformer. The 
main difference in that the capacity of a potential transformer is small compared to that of 
power transformers. 
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5.1.2. Connections of Instrument transformers 


Lines in which either current or voltage is too high to 
Current Transformer permit running the lines directly to the meter or relay 


Transformer 
bs or Power 
Transformer| sub-Station 


Volt Meter 


Voltage Operated Relay 


Current-Current Relay 


Figure 47: Principle of connections for CT and PT (or VT) 


A. The current transformer is designed to be connected in series with the power supply 
lines of the load, this to transform the main current to the standard 5 amperes suitable for 
the meter or relay. 


The voltage transformer is designed to connect in parallel with the line to transform the line 
voltage to 100, 110, 115 or120 volts (as per country standard) suitable for the meter or 
relay. To keep the voltage at the meters and relays at a safe value, the secondary circuit 
must be grounded. 


B. The polarity markers indicate the relative instantaneous directions of current in the 
windings (see 3.2.1. & 3.2.5.). The polarity, or instantaneous direction of current, is of no 
significant difference for current-operated or voltage-operated devices. 

Correct operation of current-current, voltage-voltage, or current-voltage devices usually 
depends on the relative instantaneous directions. 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 48 / 209 


Field Operations Training 
Electrical Maintenance 


TOTAL Transformers and Power Transformers 


5.1.3. Types of Instrument Transformer Construction 


Simple Basic Forms: 


Kao fe si oo 
Current Transformer Current Example Voltage Transformer Voltage Example 
5.5 Amperes Primary 7200 Volts 
Ratio 1:1 Ratio 60:1 or 7200:120 Volts 


Figure 48: Basic forms of instrument transformers 


Construction types (current transformers) 


Window-type 


Figure 49: Current transformers 


Secondary types 


Dual Ratio Example Multi-Ratio Example 


ot 2 2004005 Anperes 
. 200 Ampers in Hi -r2 
wil produce 5 Ampems 600:5 Multi-Ratio 
in X2-X3 Secondary Winding 
x1 400 Ampems in Hi-H2 
. wil produce 5Ampems 
in X1-X3 * 
2 xt 6X2 «XS X42 


* See nanepiate for actual conrecions 


Figure 50: Secondary type transformers 
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5.1.4. Equivalent Circuits of Instrument Transformers 


A typical transformer and its equivalent circuit. 


The leakage flux is shown entering the outer part ae ee a 
of the core and is represented by reactance X. \ : — 

The reactance develops voltage applied to the 
exciting branch Zo, which represents the outer 


ormncomedarry winding 
‘Working flan 


side of the core. The series impedance, RP + RS foventacora 
+ j (XP + X), is responsible for the loss of voltage i a herman 
in transformation. The voltage transformers are Coma 


carefully designed to keep this impedance as low Es Rrassistarnon internat Secondary 
as possible. The loss of current in transformation 
is due to current by-passed by the exciting 
branches, Zo and Zi. Current transformers are 
specially designed to keep these by- pass 
exciting impedances as high as possible. 


Figure 51: Typical transformer = T=msamar 


A common construction of HV or EHV current transformer. 


Leakage flux enters the core even though the 
: “x winding is uniformly wound over a ring core. 


whnoh Vows: 


inthacora The equivalent circuit is the same as for Figure A. 


Figure 52Common construction of a current 
Peevey §= transformer 


amoiosing crea 
sida of thie coma 


A construction used in HV or EHV current transformers. 


The parallel auxiliary winding effectively keeps the 
leakage flux out of the core so that the leakage 
reactance in the equivalent circuit is effectively ahead 
of the exciting branches. This simplifies the calculation 
of the current by-passed through Zo and Zi. 


Auoiiiary winding on outar bog 
of coma inonmcted im pearaika! 


Figure 53: Construction used in HV or EHV current 
transformers 
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A typical bushing current transformer. 


This resembles the transformer in B but has only negligible leakage flux in the core 
because the return conductor is far away. 


This transformer still has a good deal of leakage 
reactance, but the leakage flux does not enter the core 
in significant amount. The reactance is ahead of the 
by-pass branches Zo and Zi so that the performance 
as a current transformer can be easily calculated. 


Rietuming primary 
cinqit far enough 
away Hat boeacpe 


from it & magiginia 


Figure 54: Typical bushing current transformer 


5.1.5. Maintenance and Inspection Testing of Insulation 


Instrument transformer users routinely test new transformers, as well as transformers in 
service, to ensure their adequacy for service. 


It is rarely possible for the end user to run complete series of tests, but there are some 
things the user can do for reassurance. 


Measurement of the resistance of each winding to ground (when one winding is measured, 
ground all other winding terminals) with a megger will indicate if something has happened 
to reduce the resistance values. Such an incident is most improbable on encapsulated 
transformers. All insulated current and voltage transformers should have typical readings 
from the high voltage winding to the low voltage winding, and ground above 1 Megohm per 
volt at 25°C. 


Insulation resistance should be measured at ambient temperature (not over 30°C) 
because it decreases rapidly at higher temperatures. 
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5.2. THE “CT” CURRENT TRANSFORMER 
5.2.1. Symbols and Simplified Concepts 


symbol of a Conceptual picture of 
Current Transtormer a Current Transformer 


PEF So 


,| @ 


ls 


Figure 55: Symbol and representation of current transformer 


A current transformer is defined by its “amperage” ratio as first parameter: I1 / 12 
Then, its range of voltage application Low voltage and different ranges of High voltages 


Other considerations are: 


m» The precision/accuracy in %, which is the current (or ratio) error of the 
transformation ratio; a transformer have always losses 


m» The phase angle error between primary and secondary currents (should be zero 
for a perfect transformer, which cannot exist). 


» Uncertainty of measurement chain (class of errors, resistances of connections, ...) 


We do not ‘expand’ on these last considerations; leave it to the electrical project 
specialist... 


5.2.2. Connections of a “CT” 


A current transformer transforms line current into values suitable for standard protective 
relays and instruments. 


The secondary of a current transformer is usually connected to protective devices, and/or 
instruments, meters, and control devices. It is always a single phase transformer 
(voltage transformer can be either single or polyphase) 


The secondary supplies a current in direct proportion to the primary. 
These instruments and relays are insulated from high voltages. 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 52 / 209 


Field Operations Training 
Electrical Maintenance 


TOTAL Transformers and Power Transformers 


Current transformers also step down the current in a known ratio 


Connection Symbol 


Figure 56: Connections of a current transformer 


Symbol representation is either as per left or right. The left scheme permits the indication 
of polarities. 


5.2.3. Open-Circuit Voltage in Current Transformers 


The current transformer works in short-circuit, the induction is very weak in the magnetic 
circuit. The ampere-turns in the primary are compensated by the ampere-turns in the 
secondary. 


N, 1, -N, In =E 


E = Force magnetomotive 
E =R 94 where 9 is the magnetising flow and R the reluctance of the magnetic circuit. 


If the secondary is opened, the CT being in service I, become null, so: 
E= N, lL, 
Thus, there is an high induction in the magnetic circuit which provoke: 


* a high increasing of the iron losses resulting in an important overheating (saturation 
of the magnetic circuit) 


* a dangerous rise of the secondary voltage which may cause an electrocution for the 
personnel in contact with this voltage 


* an inductive voltage drop in the primary. 


NEVER OPEN THE SECONDARY OF A "CT" IN SERVICE 
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5.2.4. Choice and Ratio of Current Transformer 


We are not speaking of voltage for the transforming function of a “CT”, but current only 


Secondary scale is always 0 to 5 amperes and sometimes 0 to 1 ampere. Other ranges 
exist but for specific, specially made CT 


Primary range is as per the maximum amperage of the application. 


Other choice is the voltage of the primary: in Low Voltage (up to 1000V) or High Voltage in 
which several ranges could be chosen. 


5.2.4.1. Example 


| want to use CT’s on the 3 phases supplying a 200kW motor in 400V (cos phi = 0.85). 
Current per phase: 
|=P/Ux 1.732 x cos phi = 200 000 / 400 x 1.732 x 0.85 = 340 Amperes 


In a manufacturer catalogue, | choose the adapted CT’s (quantity 3) 


600 Volts 600 Volts 
Indoor : Indoor/Outdoor 
10 kV BIL 10 kV BIL 
25-400 Hertz 25-60 Hertz 

4 


600 volts is the ‘correct’ insulation. | need to know if | am going to have the primary as a 
cable (left side) or inside a panel with bars (right side). Then, choose the range which is for 
this type of CT, 50 / 100 / 150 / 200 / 250 / 300 / 400 / 500 / 600 / 800 / 1000 Amperes for 
the primary (Secondary is always 5A) 

The decision would be for the 400 or 500A 

Choosing the 500/5 CT give a 1/100 for the current ratio 


Question: for this example 1, when the load of this 200kW motor is at 100%, how 
amperes are measured on the secondary of the 500/5 TC? 


Same question for 25% of charge 
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5.2.4.2. Example 


| am in High Voltage 20 KV, 3 phase’s distribution. 
Which kind of TC to use for a 10 MVA supply? 


Current per phase: 


|!=P/Ux 1.732 = 10000 000 / 20 000 x 1.732 = 289 A 

In a manufacturer catalogue, | choose the adapted CT’s (quantity 3) 

cies This type if for maximum voltage use 
200 kV BIL 36kV (model under is 15kV and not 


50/60 Hertz* convenient). 


Primary amperes are from 10A to 
1200A with ranges at 200, 300, 


Mechanical Rating: 400, ae A 
All styles single ratio: 
290 x normal : : ree 
All styles double ratio: Choice will be for the 300/5 CT’s in 
wl my example 2 application 


Thermal Rating: 
All styles 100 x normal, 1 second 


Question: for this example 2, at 100% of primary load, what is the current in secondary? 


Same question at 25% 


5.2.5. Special CT’s 


Specially constructed wideband current transformers are also used (usually with an 
oscilloscope) to measure waveforms of high frequency or pulsed currents within pulsed 
power systems. 


One type of specially constructed wideband transformer provides a voltage output that is 
proportional to the measured current. Another type (called a Rogowski coil) requires 
anexternal integrator in order to provide a voltage output that is proportional to the 
measured current. 


Unlike CTs used for power circuitry, wideband CT's are rated in output volts per ampere of 
primary current 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 55 / 209 


Field Operations Training 
Electrical Maintenance 


TOTAL Transformers and Power Transformers 


5.3. THE “PT” POTENTIAL (OR “VT”, VOLTAGE) TRANSFORMER 


5.3.1. Symbols and Simplified Concepts 


Symbol of a Conceptual picture of 
Voltage Transformer a Voltage Transformer 
e-., Vid - 

Vi ~< 

sag — © . 

on | Ge. a "7 le 

el €. 8 : V, 


Figure 57: Symbols and representation of voltage transformer 


A voltage transformer is defined by its transformation ratio as first parameter: V1/V2, then, 
its range of high voltage applications for the primary. 


Other considerations are: 


» The precision/accuracy in %, which is the transformation ratio error due to the 
magnetic losses in core 


» The secondary output voltage which is deficient by the voltage drop in the 
transformer through impedance. 


» Uncertainty of measurement chain (class of errors, resistances of connections.,...) 


We do not ‘expand’ on these last considerations; leave it to the electrical project 
specialist... 


5.3.2. Connections of a “PT” 


Potential (voltage) transformers have primary and secondary windings on a common core. 
Standard potential transformers are single-phase and are usually designed so that the 
secondary voltage maintains a fixed relationship with the primary voltage. 


Required ratio is determined by the voltage of the system to which the transformer is to be 
connected, and the manner in which it is connected. 


Generally, a potential transformer is designed to be connected in parallel with the lines to 


transform and step down the line voltage to 110, 115 or 120 volts for metering or relay 
operation. 
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Connection Symbol 


From = 6500 Volts 
SOULS 


5500 / 115 


115 Volts 


Figure 58: Connections of a voltage transformer 


The transformer winding high-voltage connection points are typically labelled as H1, H2 
(sometimes HO if it is internally grounded) and X1, X2, and sometimes an X3 tap may be 
present. Sometimes a second isolated winding (Y1, Y2, Y3) may also be available on the 
same voltage transformer. The high side (primary) may be connected phase to ground or 
phase to phase. The low side (secondary) is usually phase to ground. 


The terminal identifications (H1, X1, Y1, etc.) are often referred to as polarity. This applies 
to current transformers as well. At any instant terminals with the same suffix numeral have 
the same polarity and phase. 


Correct identification of terminals and wiring is essential for proper operation of 
metering and protection relays. 


| remember a nearly 2 years troubleshooting by the vendor “specialist” to be able to put in 
parallel 2 generators (6 kV). Problem was coming from one ‘VT’ (or CT) for which one 
winding was connected in reverse polarity....... 


PT or VT are (generally) not use in Low Voltage where the measuring instruments are 
directly connected on the supply voltage and not requiring step-down ‘safety’ 
transformation 


5.3.3. Choice and Ratio of Voltage Transformers 


When speaking about secondary voltage being always 110, 115 or 120 volts depending 
the manufacturing) it is the maximum voltage value in regard of the corresponding 
maximum voltage for the primary, data sheet and /or nameplate of the voltage transformer 
will specify the ratio or the secondary voltage corresponding to the maximum primary 
voltage 
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5.3.3.1. Example 


Indoor 
60 kV BIL 
60 Hertz 


Thermal Rating: 
1000 VA at 30°C 
700 VA at 55°C 


One Fuse 


Primary 
Voltage 


2400/4160Y 
Unfused 4200/4200Y 
4800/4800Y 


2400/4160Y 
2 Fuses 4200/4200Y 
4800/4800Y 


This is a 5kV specified voltage transformer 
(5 kV is the maximum voltage to be used for 
measurement) 


Choice of range will be as per the catalogue definition 


hereunder: 
Style 
Ratio Number 
20:1 7625450601 
35:1 7525A50G02 
40:1 7625A50G03 
20:1 7625A51G01 
35:1 7525451602 
40:1 7525451G03 


IEEE Meter 
Accuracy 


O.3W, X, M, Y 
O.3W, X, M, ¥ 
O.3W, X, M, ¥ 


O.3W, X, M, ¥ 
O.3W, X, M, ¥ 
O.3W, X, M, ¥ 


There will be always 120V on secondary for the maximum primary voltage chosen 
4200 ratio 35.1 gives 4200/35 = 120 


2400 ratio 20.1 gives 2400/20 = 120 


Questions: | want to measure the voltage of a network 3.2kV (3200V) between phases 
using the 35.1 ratio VT’s above. What is the secondary voltage at reference voltage 


(3.2kV) of the network? 


5.3.3.2. Example 


They are 25 kV type voltage 


transformers which | want to use to 


measure the voltage of a 20 KV 3 
phases network 


Indoor 
150 kV BIL 
60 Hertz 


Available at other ratios 
and single tapped 
secondary or double 
secondary. 


Thermal Ratings: 
3000 VA at 30°C Ambient 
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TOTAL 
Primary Style _ lEEE Meter 
Voltage Ratio Number’ Accuracy 
12000/20800Y 100:1 7525A82G01 03W, X, M, Y, Z, ZZ 
i ee 14400/24940Y 12011 7525A82G02 0.3W, X, M, Y, Z, ZZ 
18000/18000Y 150:1 7525A82G03 03W, X, M, Y, Z, ZZ 
24000/24000Y 2001 7525A82G04 03W, X, M, Y, Z, ZZ 
*VIZZ-15G _ 12000/20800GY 100:1 7525A84G01 0.3W, X, M, Y, Z, ZZ 
150kVBIL  14400/24940GY 120:1 7525A84G02 03W, X, M, Y, Z, ZZ 
20000/20000GY  166.67:1 7525A84G03 0.3W, X, M, Y, Z, ZZ 
24000/24000GY 200:1 7525A84G04 0.3W, X, M, Y, Z, ZZ 
18000/18000GY 150:1 7525A84G05 0.3W, X, M, Y, Z, ZZ 
Questions: 


Which one | choose in the listing of catalogue references above? 


What will be the secondary voltage at primary reference of 20 kV? 
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5.3.4. Example of applications for three phase control 


5.3.4.1. Usual measurement 


Using 2 PT’s and 2 CT’s to measure the parameters of 3 phases. 


CURRENT T RAWSFPORMERS 
ry RATED S50 TO S AMPERES ny : : He 


POTENTIAL 
TRANSFORMERS! 
RATED ' 
4eco rous ! 
VOLTS 


Ege" #5 


Figure 59: Metering connections for three phase, three wire system 


Note that the two potential transformers are connected in open delta to the 4600 volt, 
three-phase line. This results in three secondary voltage values of 115 volts each. 


The two current transformers are connected so that the primary of one transformer is in 
series with line A and the primary winding of the second transformer is in series with line 
C. Note that three ammeters are used in the low-voltage secondary circuit. This wiring 
system is satisfactory on a three-phase, three-wire system and all ammeters will give 
accurate readings. 


Question 


See with your instructor, how come we have indications of voltage between the 3 phases 
when measuring between 2 only and current indications for the 3 phases when measuring 
for 2 phases only? (Use instant vectors method). 
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5.3.4.2. Typical connections of PT's and CT's — 3 phases and neutral 


to voltmeters to ammeters 


Figure 60: Typical connections of PT'’s and CT's with 3 phases and neutral 


5.3.4.3. Typical connections of PT's and CT's — 3 phases no neutral 


3 potential transformers 3 current transformers 
single phase single phase 


to voltmeters to ammeters 


Figure 61: Typical connections of PT’s and CT's with 3 phases and no neutral 
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5.4. EXERCICES 


L1 


L2 3 phases 6kV distribution 


400A per phase 


12. With a voltage and current transformer, | use a ‘PT’ primary 12000 Volts, ratio 100 / 1. 
How many volts on secondary for 6 kV? 


13.With a voltage and current transformer, | use a ‘PT’ primary 12000 Volts, ratio 100 / 1. 
Which “real” scale (in volts) can | choose for the voltmeter and what will the indication 
(in %) be for 6 kV? 


14. With a voltage and current transformer, | use a ‘CT’, ratio 500/5. How many amperes in 
secondary for 400A in line? 


15.With a voltage and current transformer, | use a ‘CT’, ratio 500/5. Which “real” scale (in 
amperes) can | choose for the ampere meter and what will the indication (in %) be for 
400A? 
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6. THE POWER TRANSFORMER TECHNOLOGY 


Figure 62: Different types of transformers on “our” sites 


They are the 3 phase’s intermediate devices between the High Voltage supplies and the 
Low Voltage distribution. 


They are also the intermediate High Voltage / High Voltage, step-up and step-down 
devices for internal loops distribution in HV. 


6.1. DEFINITION OF OUR SITE NEEDS 


Transformers are usually installed in safe area, where the risks of 
explosion due to the presence of petroleum gasses have been 
eliminated. In that case, they do not need the “ATEX” certification. 


Figure 63: Symbol of "ATEX" certification 


This logo, in hexagonal form, is the international one for apparatus 
to use in explosive atmosphere. 


The denomination “ATEX” is French, meaning: ATmosphére EXplosive 


But in some applications it is required, and nevertheless if in 
doubt, this certification ATEX must not be forgotten. 
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€) 113G IIA T3 


Figure 64: Example of transformer identification 


6.2. DRY TRANSFORMER 


On site dry transformer are used only for Low Voltage to Low Voltage transformation in 
small sub-distribution generally for lighting. 


But the power transformer HV to LV and/or HV to HV pure dry is not used (up to now, | 
have not seen one) on “our” sites. 


Figure 65: Examples of dry transformers 


They are 3 phase’s transformers, winding like the “wet” ones, tary and 2ary on the same 
core. They are in closed ‘cabin’, air cooled with forced extraction by fans. If the air cooling 
fails, they are overheating quickly; so for this reason they are equipped with numerous 
temperature detectors tripping the supply when high temperature occurs in the windings 


Advantages of this technology (as per vendor): 


» Power-Dry transformers offer the most economical, dry solution for a wide range 
of industrial applications. The performance and reliability of these transformers, 
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proven by many years of actual field installations, have established a record 
unequalled in the dry-type transformer industry. 


& Dry-type, medium voltage transformer installations are the lowest cost choices 
There is no dielectric fluid that could potentially leak. 


» Dry-type units are lighter weight so there is little need for specially designed 
support structures; 


» Low operating and maintenance costs 


» Environmentally Sound: Power-Dry transformers contain no fluids, so the 
chances of liquid spills, leaks or tank rupture are eliminated. Therefore, the 
possibility for contaminating water or soil is eliminated. 


» Safety: Because Power-Dry transformers contain no fluids, the chances for fire or 
explosion are virtually eliminated. Indoor installations do not require special fire 
proof vaults, sprinkler systems or other expensive fire protection systems. 


6.3. “WET” POWER TRANSFORMER 


Or the transformer immersed in fluid, the one used on site 


Transformer oil (in all applications) is usually a highly-refined mineral oil that is stable at 
high temperatures and has excellent electrical insulating properties. It is used in oil-filled 
power transformers, some types of high voltage capacitors, fluorescent lamp ballasts, and 
some types of high voltage switches and circuit breakers. Its functions are to insulate, 
suppress corona and arcing, and to serve as a coolant. 


Large transformers to be used indoors must use a nonflammable liquid. Prior to about 
1970, polychlorinated bipheny| (PCB) was often used as a dielectric fluid since it was not 
flammable. However, under incomplete combustion, PCBs can form highly toxic products, 
furans, etc. Due to the stability of PCB and its environmental accumulation, it has not been 
permitted in new equipment since late 1960's In Europe and America; and Today, 
nontoxic, stable silicone-based or fluorinated hydrocarbons may be used, where the added 
expense of a fire-resistant liquid offsets additional building cost for a transformer vault. 


Other less-flammable fluids such as canola oil may be used, but all fire-resistant fluids 
have various drawbacks in performance, cost, or toxicity compared with mineral oil, the 
dielectric fluid used in our industry. 


The oil helps cool the transformer. Because it also provides part of the electrical insulation 
between internal live parts, it must remain stable at high temperatures over an extended 
period. To improve cooling of large power transformers, the oil-filled tank may have 
radiators through which the oil circulates by natural convection. Very large or high-power 
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transformers (with capacities of millions of watts) may have cooling fans, oil pumps and 
even oil-to-water heat exchangers. 


Large and high-voltage transformers undergo prolonged drying processes, using electrical 
self-heating, the application of a vacuum, or both to ensure that the transformer is 
completely free of water vapor before the cooling oil is introduced. This helps prevent 
corona formation and subsequent electrical breakdown under load. 


Oil filled transformers with conservators (an oil tank above the transformer) tend to be 
equipped with Buchholz relays - safety devices that sense gas buildup inside the 
transformer (a side effect of corona or an electric arc inside the windings) and switching off 
the transformer. Transformers without conservators are usually equipped with sudden 
pressure relays, temperature relals which perform a similar function as the Buchholz relay. 


All together it is the DGPT (Detection Gas Pressure Temperature) relay. 


We shall see in the following paragraphs/chapters details of the “important” components 
enumerated here above. 
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7. POWER TRANFORMER CONNECTIONS AND TAPS 


7.1. LABELLING 


Marking of highest and lowest voltage on terminal transformer 


Lowest ——-/| ag b c npn |=—— Small letter 


Highest ——=w) A B C No | =e — — Capital letter 


P1 


en 
FEO 


© 
a 


b c 


Figure 66: Labelling of highest and lowest voltage 


Which correspond to this type of wiring with neutral accessible. 
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7.2. CONNECTIONS 


But the “inter-connections” of the primary and secondary windings coils could be done 
another way such as: 


Figure 67: Different inter-connections (1) 


Secondary is wired the same way as for 7.1, but not the primary; it is the delta-wye 
connection with neutral accessible on secondary. (wye is also ‘star’) 


Figure 68: Different inter-connections (2) 
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And why not connect that way, which is also a Delta-wye connection with “something else” 
required to identify the difference with the previous schematic. 


And so on, with delta, star and even “zigzag” connections on primary and secondary 


The many ways to connect transformers with circuits include series connection, parallel 
connection and single-phase connection. 


Transformers used in three-phase applications consist of three single-phase units 
connected together or a three phase transformer with three single-phase coils mounted 
on acommon core. 


In three-phase to three-phase transformers, the delta-delta, delta-star, and star-star 
connections are the most widely used. 


7.2.1. Delta connection 


The simplest three-phase AC distribution system is known as a three-wire delta. 
Delta is the Greek letter shaped like a triangle. 


Each side of the triangle 
represents the amount of A 
voltage that is carried in the 
lines. 


If lines are drawn to simulate 
wires extending from each 
point of the triangle, this would 
be a three-wire delta system. 
(See Figure) 


Figure 69: Delta connection 
Connected to a supply for the primary or supplying a distribution for the secondary, the 
voltage between any two wires is equivalent to the voltage of one side of the triangle: 

UasB = UsBc = UAc 
The corners of the triangle are labelled “A”, "B", and "C" going clockwise. 


If there is 2400 volts for each line of the triangle, there would be 2400 volts between line 
“A” and "B", line “A” and "C", and line "B" and "C". 


In a three-phase delta circuit, the actual transformer winding has phase voltage and phase 
current, and there is a definite relationship between them. 


Remembering the 3 phase’s relation / formulae: 
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The line voltage is the same as phase voltage (E = e). 


The line current (I line) is 
identical in the 3 phases and A lline 
the phase current (I phase) is 
identical in the 3 coils of the 
winding 


The line current, however, is 
equal to the phase current 
times the square root of 3 (I =i 
e417 32). 


Figure 70: Line and phase 
voltage 


The formulae: 


E 


line — © shase 


Line = Da x V3 acd oe =——> I 


a3 phase 


To find the kilovolt ampere (M) capacity or apparent power, calculate with this formula: 


= 0,5771, 


ine 


kVA = v3 ™ Eine “a Line or 3 _ € phase - daa, 
1000 1000 


7.2.2. Star Connection 


In this type of connection wye (= Y) 
system, also called the star system, 
two voltages are available. 

Line Leads: 


UaB = UBc = UAc = network voltage 
(primary or secondary) 


Figure 71: Wye / Star 3 wire system 


A figure like the letter "Y" Illustrates 
the system (figure above). In this case the end points are the line leads and the common 
point is the neutral. 
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Imagine that the wye system is 380 volts. 380 volts would be available between any two of 
the three end points of the wye (UAB = UBc = UAc = 380V). 


If wires are extended from each of the end points, this makes the system a three-wire 
network distribution (from the secondary of a transformer). 


With the wye (or star) system it is possible to add a neutral wire coming from the midpoint 
of the wye. 


Phase-Neutral Voltage 


UAN = UBN = UCN 


Figure 72: Wye / Star 4 


wire system ne a 


N 
Then a second voltage 
may be obtained 
because the voltage 
between any one of the cC 
power lines and the 
neutral will be much less than 380 volts. 


In Figure above it is 220 volts is available between any one of the power lines and the 
neutral (UAN = UBN = UCN = 220V = 380/ 1.732). 


In the same way, for 400V between phases, it is 230V between phase and neutral 


In HV, for 4200V between phases, it is 2400 for phase-neutral 
For 20 kV Ph-Ph, it is 11.5 kV for Ph-N,....etc.... 


The voltage between any two-power lines will be 1.732 times (3 ) the voltage between 
the neutral and any one-power line. 


Connections should not be mixed, of course, you can (probably) figure out the 
consequence of wrong wiring which is simply the destruction of the transformer. 


7.2.3. Calculation of 3 phases transformer voltage ratio 


This as per the different possibilities of connections 


Voltage ratio depends of the coils ratio between primary and secondary, but also 
connections for primary and secondary 
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7.2.3.1. Star-star connection Seconda 


lf, for a transformer, we use at the primary a star 
connection and at the secondary another star connection, 
or if we use wye at primary and wye at secondary (just 
difference in wording), the voltage will be corresponding 
with coils ratio. 


V2 


Transformer ratio is m = V2 / V1 


We have m = V2/ V1 =Na/NA=Nb/NB=Nc/NC=m V1 


Figure 73: Star-star connection Pri 
rimary 


Each of the 3 phases having the same number of coil turns at the primary side. This fact 
being valid as well for the 3 winding coils of secondary side. 


7.2.3.2. Delta - Star connection 


Figure 74: Delta-Star connection 
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V,=mxU, and U, =V,xv3 


U 
U, =mxU, x3 and yt mamx 3. (Voltage Ratio) 


1 


And with the “perfect” transformer: (power ‘1ary = power 2ary) 
U,XI, x /3 =U, xT, x 3 


a =mx43 


2 


Example of detailed connections of a Delta-Star Transformer: 


zooyo 


Figure 75: tary in Delta / 2ary in Star Neutral distributed 
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7.2.3.3. Star — Delta Connection 


Figure 76: Star — Delta connection 


U I 
— =m'=mxvV3 and += 


am 
1 !, V3 
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Example of detailed connections of a Star-Delta Transformer 


Primary with Neutral not grounded 


X2 X3 
i aE 
° [4 
b 
Cc 


Figure 77: Example connections of a Star-Delta transformer (1) 


Or with other representation tary 61/35 kV neutral grounded & 2ary 4.4 kV, 


NEUTAAL 


“t}| 


ae iE 


Figure 78: Example connections of a Star-Delta transformer (2) 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 75 / 209 


Field Operations Training 
Electrical Maintenance 
TOTAL Transformers and Power Transformers 


7.2.3.4. Special connection, the ‘Z’ 


To avoid some malfunctions of three 
phase’s transformer with neutral at 


the secondary, we use another a 
connection called in ‘Z’ or Zigzag Symbol 
Each winding at the secondary (it 
concerns the secondary windings 
Only) are split in two identical groups 
of coils and are c nnected like the b 
figure below: . 
Figure 79: Z connection 
7.3. ANGULAR DISPLACEMENT (INDICE HORAIRE) 
This is the “phase” angle between primary and secondary. 
Polarity? 
—xr~ This or this? 
<a 


Connection Delta, 
Star? Zigzag? 


Y LZ=D 
Z 


Figure 80: Angular displacement (1) 


According to the ‘polarity’ of windings wiring (with anyway same polarity direction for the 3 
phases) and according to the type of connections, at time ‘t’, there will be a “certain angle” 
between voltage (and/or current) of primary and secondary 
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U1 
U1 U1 
U2 U2 
[2 —— 
In phase Opposite U2 Lag U2 Lead U2 Lag ETG.2: 
no angle 180° angle 90° angle 90° angle 30° angle 


Figure 81: Angular displacement (1) 


7.3.1. Winding Determination 


As the primary and secondary windings are often "out of phase" to indicate this out of 
concordance on the transformer we use a dial plate of a clock. 


Determination for a star-star configuration 


In this configuration, windings coils (A & a) + (B & b) + (C & c) are each one on the same 
“phase corresponding” core; the magnetisation induces voltage in the same direction (I 
have respected the Secondar 
connection polarities) and at 

time ‘t’, the three phases 

voltage are “in phase”. V1A V2 


a 


going the same direction as 

V1B-V2b & V1C-V2c, the a b c on c b 
phase angle is ‘0’ if | 

superpose the 2 vectors 
diagrams. 


V1 
Figure 82: Star-Star 


configuration 


Primary 


As it is a star-star configuration, it will be called: YyO — inthe form: 


Primary letter in capital, secondary letter in minuscule and the number of the angle 


Generalisation 


The dial plate is divided, like a clock, in 12 angles of 30° each 
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The 12 angles represent "the time chart index". 


At 0, 4, 8 position (at 4 o’clock or 8 o’clock and 12 o’clock) we draw the primary 
connection. (Phases are systematically with 120° difference) 


Checking how is induced the secondary voltage (polarity and clock angle) corresponding 
to its phase, we draw the secondary “vector” on the dial. 
It gives the displacement and the kind of connection. 


And for the application Delta-Star configuration hereunder: 


Figure 83: Delta-Star configuration 


Primary is in Delta, drawn inside the “clock” between 0, 4 and 8 


Taking the secondary coil connected in ‘a’, it receives the primary induction from the 
branch connected between ‘A’ & ‘C’, it has consequently the same “inclination / direction 
and being connected the “same way it has the same polarity (vector direction). “Time” 
between ‘A’ and ‘a’ is 1 o’clock. It is the same for couple Bb and Cc 


This configuration is called Dy1 or Ay1 
‘D’ for primary in Delta. ‘y’ for secondary in star and ‘1’ for the angle 1ary/2ary 


7.3.2. The different configurations 


Caution: for examples hereafter, each configuration depends upon how windings are 
connected together. Between drawings, it could look alike, but it is not. Nevertheless, one 
Dy1 (as example) once defined as such is always a Dy1 and can be associated / 
compared with any Dy1. 
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Dd6 


Yd11 
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Figure 84: Different configurations 
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7.3.3. Tricks for how to determine angular displacement 


For primary, no problem, it is either Delta or Star A A 
for which you choose one of the 3 phases for 

comparison ‘ary / 2ary, let’s say phase ‘A’. We 

draw its ‘vector’ always going upwards 


Figure 85: Angular displacement 
c B Cc B 


For secondary, the connections being well defined, we start always from the neutral point, 
if existing, to find the direction of the corresponding ‘a’ vector 


A 
a 
a b c 
AB 1¢ am 
c b 
Coil going same direction as 'A' : ; : 
going Coil connected ‘ac’, same direction as ‘A’ 


Figure 86: Angular displacement for primary in ‘Y’ 


Coil ‘a’ on same core than ‘A’ coil follow 
the induction created by branch ‘AC’ in 
same polarity/direction than for ‘A’ 


First half coil follow branch ‘CA’ in same 
direction than for core of ‘C’, then branch 
‘AB’, opposite polarity as for ‘A’ 


Figure 87: Angular displacement for primary in ‘D’ 
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The most common are configurations: Dy11, Yz11, Yd11 and Yy0O 


This angular displacement is used for parallel operations of transformers (next chapter) 


7.4. TAP CHANGER 


7.4.1. Description / use of tap changer 


The objectives, when having a transformer is to provide the 3 Ph6kV/ 3 Ph 400V 
designed power under the nominal voltage, in this example 
800 KVA with 400 volts between phases, the primary being D v 
supplied by 6 kV. ¢ 

Q D 


Figure 88: Transformer 800 KVA 


What can really happen? 


m Source is less than 6 kV due to HV lines losses; Voltage is insufficient in 
secondary 


Source is above 6 kV due to “light” use in HV lines; in 2ary, voltage is > 400 volts. 


But the need is for 400 volts in 2ary, the voltage ratio of the transformer is determined 
once for all, it requires some “adjustment “for having the “correct” voltage in secondary. As 
voltage ratio is directly 


linked with winding turns, 5 


we are going to modify the ; 
number of turns in tary +5% 


coil (and 1ry only in our + 2.5% 
applications) H1 Rated Voltage 
-2.5% 


-5% 
Figure 89: Use of tap 
changer 


To composite for changing 

input voltages, multiple 

connections or "taps" are 

provided to allow different 

portions of the winding to H2 
be used. Taps being 

connected on the primary winding, the turn-to-turn ratio is changed, and the required 
secondary voltage can be obtained in spite of a change in source voltage. 


X2 


Manufacturers usually provide taps at 2-1/2 percent intervals above and below the rated 
voltage (as figure above). Number of taps increment and decrement are as per the 
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manufacturer and/or the project/requirement request; 2.5 percent is also a ‘value’ which 
can be ‘adapted’. 


Taps are usually changed by turning a crank or hand-wheel, although some transformers 
require that a cover be removed and the actual winding leads be connected on a terminal 
board where all of the taps can be accessed. Tap changers can be either "Load Tap 
Changing" or "No-Load Tap Changing" units, although most of them must be changed 
with the transformer de-energized. 


Both high voltage and low voltage windings are terminated in the transformer wiring 
compartment. High voltage terminations are identified by H 1, H 2, H 3, and so on. 

Low voltage leads are indicated as X1, X 2, X 3, and so on. The connection diagram on 
the nameplate will indicate proper connections for series or multiple connections and also 
for tap connections. 


7.4.2. Off-load designs 


In low power, low voltage transformers, the tap point can take the form of a connection 
terminal, requiring a power lead to be disconnected by hand and connected to the new 
terminal. Alternatively, the process may be assisted by means of a rotary or slider switch. 


Because the different tap points are at different voltages, the ies 
two connections should not be made simultaneously, as this terminal 
short-circuits a number of turns in the winding and would 
result in an excessive circulating current. 


This therefore demands that the power to the load be 
physically interrupted during the switchover time. Off- 
load tap changing is also employed in high voltage 
transformer designs, though it is only applicable to 
installations in which loss of supply can be tolerated. 


7.4.3. On-load designs 


A mechanical on-load tap changer design, changing back 
and forth between tap positions A and B 


A sub-adjustment being made with contacts 1 to 8 controlled 
either manually or by power contactor 


Neutral 
Figure 90: On-load tap changer terminal 


Because interrupting the supply is usually unacceptable for a power transformer, these are 
often fitted with a more expensive and complex on-load tap-changing mechanism. On-load 
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tap changers may be generally classified as mechanical; or as electronic, which in turn 
may be either assisted or solid state. 


7.4.3.1. Mechanical tap changers 


A mechanical tap changer physically makes the new connection before releasing the old, 
but avoids the high current from the short-circuited turns by temporarily placing a large 
diverter resistor (sometimes an inductor) in series with the short-circuited turns before 
breaking the original connection. This technique overcomes the problems with open or 
short circuit taps. 


The changeover nevertheless must be made rapidly to avoid overheating of the diverter. 
Powerful springs are wound up, usually by a low power motor, and then rapidly released to 
effect the tap changing operation. To avoid arcing at the contacts, the tapchangers is filled 
with insulating transformer oil. Tapping normally takes place in a separate compartment to 
the main transformer tank to prevent contamination of its oil. 
One possible design of on-load mechanical tap changer is shown in the figure above. It 
commences operation at tap position 2, with load supplied directly via the right hand 
connection. Diverter resistor A is short-circuited; diverter B is unused. 
In moving to tap 3, the following sequence occurs (tap incrementation): 

» Switch 3 closes, an off-load operation. 


» Rotary switch turns, breaking one connection and supplying load current through 
diverter resistor A. 


m» Rotary switch continues to turn, connecting between contacts A and B. Load now 
supplied via diverter resistors A and B, winding turns bridged via ‘A’ and ‘B’. 


Rotary switch continues to turn, breaking contact with diverter A. Load now 
supplied via diverter B alone, winding turns no longer bridged. 


» Rotary switch continues to turn, shorting diverter B. Load now supplied directly via 
left hand connection. Diverter A is unused. 


» Switch 2 opens, an off-load operation. 


The sequence is then carried out in reverse to return to tap position 
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7.4.3.2. Thyristor-assisted tap changers 


Thyristor-assisted tap changers use thyristors to take the on-load current whilst the main 
contacts change over from one tap to the next. This prevents arcing on the main contacts 
and can lead to a longer service life between maintenance activities. 


The disadvantage is that these tap changers are more complex and require a low voltage 
power supply for the thyristor circuitry. They also can be more costly. 


7.4.3.3. Solid state (thyristor) tap changers 


These are a relatively recent development which use thyristors both to switch the load 
current and to pass the load current in the steady state. Their disadvantage is that all of 
the non-conducting thyristors connected to the unselected taps still dissipate power due to 
their leakage current. 


This power can add up to a few kilowatts which has to be removed as heat and leads to a 
reduction in the overall efficiency of the transformer. They are therefore only employed on 
smaller power transformers 


7.4.3.4. Particular use 


In case of transformers constructed for 2 voltages (10 and 20 kV or 15 and 20 kV for 
example). 


An off-circuit tap changer can be used to pass from one voltage to another without 
removing the active part from the tank. It should be noted that in the case of the 15- 20kV 
transformer the power is reduced by 10% when operating at 15kV, except when the 
customer makes a special request (conserved power request). 
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7.5. CONNECTIONS TERMINALS 


Very small transformers will have wire leads connected directly to the ends of the coils, 
and brought out to the base of the unit for circuit connections. Larger transformers may 
have heavy bolted terminals, bus bars or high-voltage insulated bushings made of 
polymers or porcelain. A large bushing can be a complex structure since it must provide 
electrical insulation without letting the transformer leak oil. 


7.5.1. High voltage terminals 


This transformer is a HV/HV type 


Both sides are using ‘classic’ high voltage bushing, 
without insulation protection 


Figure 91: HV/HV transformer 


This transformer must be installed 
in a locked area, without access ts 
authorised when power is 
available 


Figure 92: "Classic" high voltage 
bushing 


When high voltage terminals are of this insulated 
moulded type (HV connection being inside the 
rubber/propylene protection), physical access (up to 20 
kV) can be authorised under specific safety precautions 
in an electrical room. 


Figure 93: Moulded HV terminal 


For our application, let’s say, that transformer is “always” non accessible and in a locked 
enclosure as soon as there are HV connections. 


Figure 94: Plug-in straight or elbow HV 
bushings = 
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7.5.2. Low voltage terminals and connections 


Speaking about the power transformer, on sites, the secondary voltage is 230/400V and 
the current is in the range of hundreds or thousands of amperes. The 2ary connections 
requires “heavy” wiring for which it is better to know a minimum of recommendations to 
avoid “strange happenings” still regularly occurring on our site, due to wrong 
connections technology applications. 


In this example, Z2ary connections 
between transformer and bus-bar, 3Ph6kV/3 Ph 400V 


if in cables would be made by 
(something like) 5 to 6 cables of MCC 400V 
1x300mm? per phase distribution 
Figure 95: 2ary connections 4250 KVA ‘X ‘ cables per Pichsidiais 
between transformer and phase 
bus-bar 


7.5.2.1. Connection box: non-metallic plate 


Each cable crossing with a cable gland 


Number of holes= 
number of cable 
a a ar a ae? vy glands = number of 
ye a ue 4 4 
et cables 


{ever aa 
L Cas Phe A 4 ee (A 


Non-metallic plate 


v é 


Connection box 
on 2ary terminals 
lary insulated 
cable heads 
behind 


Low voltage connections wit ‘x’ 
cables per phase 


Figure 96: Connection box 
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Porcelain Bushing 1250A 16004 
1kV250A 


3150A 50004 


Figure 97: LV Terminals / bushings according to amperes rating 


All cable glands holding a single phase cable must be installed on a non-metallic plate. 
On figure above, 4 cables per phase = 12 cable-glands (for the 3 phases) + ‘X’ for Neutral, 
all installed on this “amagnetic’” plate. 


One conductor going perpendicularly through a metallic plate will create an induction 
inside the plate. The ‘emf induces would try to ‘move’ (Lenz Law) the plate and in fact will 
heat and deform it; Soon, appear cracks in the metallic plate 


But if using a multi core cable (multi-phase in the 
same cable: no problem, the induction is neutralised 
by the 3 phases twisted together inside the cable. 
Cable gland can be installed on a metallic going 
through plate. 


Figure 98: Multi core cables 


7.5.2.2. Single phase cable on cable tray 


This type of connections between 2ary of transformer and MCC has been used (and 
is still in use) on some sites, somewhere in Total plants.... 


Consequence: the metallic cable tray is 
hot, very hot... and more as an 
“inconvenient”, the transformer has its 
power consequently reduced 


Figure 99: Wrong cable lay-out on cable 
trays 
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Each cable (and each phase), from the 2ary In “treflon” on cable tray with 
terminals of the transformer must be dispatched in Phi + Ph2 + Ph3 


« treflon » (en forme de tréfle), towards the MCC 
bus-bar and this even for a short distance. 


This, to cancel the induction, the resultant force 
by the 3 phases together is neutralised 


Figure 100: Dispatching of cables in "treflon" 


Neutral wiring: 


Figure 101: Neutral wiring 


There is no formal instruction for placing the neutral “single cable” 

It is nevertheless better to associate it with the 3 phases in a 3+N non balanced 
distribution. But Neutral can be laid apart especially for a balanced distribution, where 
Ph+N are an “accessory” distribution 


Rigid connections: 


On some plants, bars are used to link 2ary of transformer and MCC Bus-bar. Bars are in 
copper, aluminium or conductive alloy and moulded in cement (old technology), epoxy 
resin or any other insulation material, or simply in air. 


Casing metallic, 


There could be several bars per 
or other 


phase, bolted or joined together. 
Manufacturer in France are 


‘Normabarre”, “Canalis” (both in 
Schneider group), ...and others... 


Insulation or in the air 


+N if 
required 


Figure 102: Rigid connections 
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7.6. EXERCICES 


16.We have a transformer HV/LV, 6kV / 0.4kV. There is only 5.5kV on the HV network, but 
| want 400V in 2ary, which tap on primary should | connect? 


0) +12.5% L) +2.5% O-7.5 % 
O+ 10% 0 O)- 10% 
0) +7.5% O-2.5% O- 12.5% 
O+ 5% O- 5% 
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8. ELECTRICAL PROTECTIONS AND OPERATIONS 


8.1. ELECTRICAL LINES PROTECTIONS 


See also course UT010, “Electricity” 
8.1.1. General one line protection diagram 


3 Ph 6 kV/ 3 Ph 400V 


HV MCC 400V 
distribution ‘ distribution 
bus-bar yo bus-bar 
oo KVA ‘*X ‘ cables per 

phase 


Figure 103: Electrical lines protection 


! ! 


52P Primary Breaker 

52S Secondary Breaker 

49 Transformer Thermal Relay 

50 Overcurrent relay instant action 

51N _ Time earth fault (overcurrent delayed action) 
51G Overcurrent relay time delayed action 

63 Pressure Switch 


Figure 104: Electrical protection on a transformer 


-¢---------- 


ww we ow ww Oe ow ww em ww wt 


Any transformer, HV/HV, HV/LV, LV/HV, LV/LV has an electrical protection on its 
primary and on its secondary. |t can be only fuses for simple low power control 
transformer; and a “set” of protections for power transformers. 


We are going to see details about this “set” of protections which are ‘standardised’ and 
number coded as per the diagram and legend 
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Can also be added, a differential protection (primary and secondary) code ‘87’. Current 
and voltage transformers are used on primary side. Current transformers (only) are used in 
secondary side (if on Low Voltage). 


8.1.2. Primary Electrical Protections 


Figure 105: High voltage switchgear 
The High Voltage switchgear hold the primary side protections including : 


HV breaker: main breaker with different technologies, equipped or not with fuses, breaking 
in air, in gas (SF6), in oil. 


Instrument Transformers: set of ‘CT’ and ‘PT’ (or VT) included in HV cubicles for the 
measurements / indications and supply of protection relays 


Current protection relays: connected on secondary of CT’s, they are set to threshold on 
a predetermined overcurrent, undercurrent, and differential (between phases). 


SPAJ 131 C 


O 0.2 ~ 
O 16.a_ 


Figure 106: Front view of ‘ABB’ 3 
phases overcurrent protection 
relays 

Voltage protection relays: connected on secondary of VT’s, they are set to threshold on 

a predetermined over voltage, under voltage. 
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Figure 107: Front view of ‘ABB’ 
overvoltage / undervoltage 3 
phases’ protections relays 


Earth fault relay: either the differential protection or the homopolar protection (detailed 
hereafter) 


Transformer protection: detection of “problems” within the transformer itself (the DGPT, 
seen hereafter), a threshold contact actuating the 1ary breaker. 


8.1.3. Secondary Electrical Protections (LV) 


Included in the MCC (Motor Control Center) or the Low 
Voltage Panel (TGBT in French for Tableau Général Basse 
Tension). See electrical course UTO10 for details. 


Figure 108: Low voltage switchgear 


LV breaker: general protection for the secondary of 
transformer and the MCC distribution. It is actuated by the following equipment’s: 


Overcurrent protection: either incorporated in the breaker or with separate device (such 
as Sepam relay for ‘Schneider’ manufacturer) connected on CT’s; It will be the thermal 
protection, and the magnetic overcurrent (reacting immediately for short-circuit or sudden 
high current) 


Differential protection: separate device acting as an earth fault detector and tripping the 
2ary breaker 


Earth Fault, surge protection: detailed hereafter 


Transformer protection: same protection as for tary, they are the built-in transformer 
protections devices (DGPT) actuating a relay which in turn trips the main breaker. 
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8.1.4. Sequences of operations for breakers 


A power transformer is designed to operate on load, and not with secondary with a “small” 
load and certainly not in open circuit. It is even better to have a (slight) overload than run 
with secondary not loaded at all. When the transformer is supplied on primary, it is creating 
induction and this one has to be used as induction in secondary and not for nothing 
(heating the core, joules losses, ...etc., with 2Zary opened) 


Put in service: 


lary and 2ary breakers being opened 

Open earthing switch on HV side in the HV cubicle. 

Close first 1ary breaker 

Check for voltage OK on 2ary 

Close LV breaker 

If connected on a busbar with tie-in, follow the operating instructions telling to open (or 
not?) the Tie-in breaker. 


Put out of service: 


If on a busbar with Tie-in, and if possible, reduce the load, for the other transformers to be 
able to take the full load, and close the Tie-in breaker 

Open 2ary breaker 

Open ‘tary breaker 

Close the earthing switch of the HV cubicle 


Interlocks: 
Miss-operations are prevented with locks and/or padlocks and an operating sequence 


available on site. Check with the electrician for availability of the operating instructions. 
The interlocking system systematically exists and cannot be bypassed. 
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8.2. ACCESSORIES OF POWER (OIL) TRANSFORMER 


Safety protection device: according to international standard and requirement of users, 
the transformer is equipped with following safety protection devices: pressure relief valve, 
gas relay (buccholz), thermostat (and sometimes thermometer), oil purifier, oil conservator, 
oil sampling valve. 


One common “block relay” equip the transformer itself, it is the DGPT for Detection Gas 
Pressure Temperature 


8.2.1. Internal Protection Devices 


DGPT2: 


Figure 109: DGPT2 equipping an oil immersed transformer 
The DGPT2 relay protects the transformer while monitoring permanently: 
» A gaseous us emissions and oil level (1 threshold contact). 
» Pressure (1 or 2 contacts for 1 or 2 level of alarms / trip). 
» Temperature (2 reversing contact: alarm + trip). 
The Gas detection system is also called “Buchholz 


relay’, by the name of its ‘inventor’; 


Figure 110: Buchholz relay 
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Buchholz relay 


Used in conjunction with a conservator tank, the Buchholz relay provides gas and surge 
detection and also detects oil leakage by monitoring the oil in the connection pipe. Alarm 
contacts operate on gas collection or serious oil leakage. The trip contact operates with oil 
surge detection indicating a very serious fault and initiates an immediate upstream circuit 
breaker trip. 


Contacts out of these protection switches are wired in control circuit of transformer 
breakers (1ary and/or 2ary) for alarm and trip. 


8.2.2. External Accessories 


Dial type top oil temperature indicator with fully adjustable alarm 
and trip level settings and maximum pointer. 


Figure 111: Oil temperature indicator with alarm and trip 
contacts 


Dial type top oil temperature indicator with maximum drag 
pointer 


Figure 112: Oil temperature indicator with max pointer 


Alternative to the hermetically sealed design is the conservator 
expansion tank design. This can be used in conjunction with the 
Buchholz relay as an important form of fault detection and 
protection. This is a breathing type design and uses a 
dehydrating breather to "dry" the air entering the conservator. 


Figure 113: Oil conservator tank 
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Large diameter spring diaphragm type pressure relief device 
made by Qualitrol and equipped with trip contacts and fault 
pressure operation indicator flag 


Figure 114: Qualitrol type pressure relief device 


Where several different protection devices are used the auxiliary 
wiring may be marshalled into this box to simplify the multicore 
cable being taken away from the transformer to the circuit 
breaker auxiliary relays and control equipment 


Figure 115: Auxiliary wiring marshalling box 


8.3. EARTHING SYSTEMS 


8.3.1. Voltage Surge Protector 


The surge protection device, or overvoltage limiter to install on secondary 
side of transformer. 


Figure 116: “Cardew” surge protection device of Merlin-Gérin 
"Cardew" (product name for ‘Schneider / Merlin Gérin) or overvoltage limiter 


(protector) is designed to divert to earth any dangerous overvoltage such 
as: 


» Discharge from atmospheric origin (lightning) 
» Short circuit between primary and secondary 


The Cardew consists of two electrodes. The first is connected (in general) to the neutral of 
the system being protected, the second is connected to earth. 


Installation of surge protection device: jai die 


The neutral is grounded as per normal design. 
Reason of surge arrestor is to ground the transformer in case of 


high voltage in 2ary 
Figure 117: Neutral protection — 
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No need of surge arrestor in this configuration for the Neutral protection, but for phases 
protection at MCC busbars, yes, there is a need (see below) 


France (with its old influenced countries) is (nearly) the 
lary 2ary 


only country using the Neutral to ground with L1 
impedance (ay == L2 
L3 
N 


In this configuration of distribution, the surge arrestor 

(the ‘Cardew’) can be connected between neutral and Vv 27 

ground Surge arrestor A 
Figure 118: Neutral to ground with impedance | 


When the inter-electrode voltage exceeds a 


oe 14 predetermined value, the Cardew (or surge 
Cala) re arrestor) operates and diverts the overvoltage to 
() 13. earth. Also with Neutral non-distributed but 
accessible, the surge arrestor can be connected the 


same way. 
Surge arrestor’s 


Figure 119: Surge arrestors 


(Note: the surge arrestor has no link at all with the 
insulation monitoring) 


And on a 3 phase’s distribution, “set” of surge 
arrestor can be mounted between phases and 


ground. 380V 
f 


Figure 120: Surge arrestor block 


General lightning / overvoltage protection 


The LV distribution must be protected as well against ‘unwanted’ high voltage. The devices 
used, have the same principle of operation than the surge protection installed just at the 
output of the transformer and has to be installed in complement to really protect your LV 
distribution. 


A common belief is to think that having one ‘surge protector’ at the transformer level is 
enough to protect against lightning; Wrong! As soon as cables are laid underground or in 
air on cable trays, lightning can “attack” anywhere. Your LV distribution requires “surge 
protectors” in all panels and sub-panel and even at end of cables to protect your TV set, 
computer, telephone.,... 
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The pictures hereafter are for 
example of (French) ‘Soulé’ 
equipment which can be installed as 
sub-protection in LV distribution 
(many other manufacturers, of 
course exist). 


Total sites are not well protected 
against lightning, think and 


! : CP MCTI 15 Tetra 
remember this paragraph if you 
encounter lightning problem on site, 
and ask a “specialist”... 
Figure 121: Soulé equipment ' 
Se 
Schémas de principe (mode commun) 
CP 25 / CP MC 40 Bi CP MC 40 Tetra / CP MCT1 15 Tetra 


Non inclus dans 
le coffret CP 25 


cP 25 


Raccordements coffrets bipolaires Fixations 


CP 25: 173 mm 
CP MC 40 Bi /Tetra : 164 mm 


L CP MCT1 15 Tetra : 164 mm 
— = 


o.45x4 


|cP 25: 120 mm 
CP MC 40 Bi / Tetra : 90 mm 
' CP MCT115Tetra : 440 mm 


——_ -- 


CP MC 40 Bi 


Figure 122: Specific protection equipment 


Specific protections exist also for telephone, computer, TV networks and even for fibre- 
optic cable... 
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8.3.2. Differential protection 


(Code ANSI 50N or 50G, 51N or 51G) 

50 is for overcurrent / 51 is for time (delayed) overcurrent 

This protection is used to detect the ground fault. The protection is activated if the residual 
current Irsd = 11 + 12 + 13 exceed the threshold of the adjustment for a time equal to the 


selected temporisation. 


In the absence of ground fault, the sum of the three currents of the three phases is always 
zero. 


The residual current gives the measurement of the current passing through the ground 
during the fault. 


The protection can be independent or dependent time identically to the overcurrent phase 
protection 

Measure of the residual current 

The measurement of the residual current can be obtained in two ways: 


» By one current transformer (torus type) including the three phases. 


Figure 123: Measurement of residual current by one current transformer 
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The secondary winding of the current transformer have a magnetic flux whose sum of the 
3 (vectors) phases is zero. 


The earthing braid of the screen cables indicated on figure under must pass inside the 
torus, so that an internal fault of the cable (phase screen) is detected. If not, the short- 
circuit current circulates in the core of the cable and comes back by the screen, it is thus 
not detected by the torus (or toroid). 


Do not mix this principle with the RCD protection used to detect differential earth 
fault and where the earth wire must not pass inside the torus. 


» By three current transformers whose neutrals and phases are connected together 
(see figure under). 


Figure 124: Measurement of residual current by three current transformer 
Minimal threshold of the adjustment 
There is a risk of a wrong activation of the protection due to an error of the residual current 
measurement, in particular in the presence of transient currents. 


In order to avoid this risk, the threshold of the protection adjustment must be higher to: 


» Approximately 12 % of the nominal of the current transformers when the measure 
is taken by three CT 


» 1 Amp with a temporisation of 0.1 s, when the measure is taken by a torus. 


Differential protections applies fro 1ary and 2ary sides of the transformer 
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See course ‘Electricity’ UT010 for more explanations on differential or RCD protection 
(Residual Current Detection). 


8.3.3. Tank Earth Fault relay 


This protection is to protect a transformer against the internal fault between a winding and 
the mass. 


This protection is recommended as soon as the power of the transformer reaches 5 MVA 
but it is used for power well under this value on Total sites 


It is an overcurrent protection. This protection is installed on the earthing connection of the 
transformer mass, or the cable linking casing of transformer with ground. It consists of a 
CT whose 2ary is connected to a threshold relay. (I>) 


It requires to isolate the tank of the transformer from the ground, so that the fault 
current crosses the protection (see figure under). The metallic parts of the transformer are 
grounded, it is mandatory, but with the earthing cable going through the CT detector only, 
no other grounding cable can exist. 


This protection is 
selective, because 
it is sensitive only 
to the earth fault 
with the mass of 
the transformer 


earthing connection 
(mass of the transformer) 


Figure 125: Tank- isolating 
Earth fault supports 
relay 


8.3.4. Homopolar transformer 


The homopolar transformer is part of the High Voltage switchgear busbars protection 
against ground fault in HV network 


In HV distribution, if an earth fault occurs, there must be a system able to detect, the 
“leaking” HV current and trip the transformer when it becomes “too serious’. 


Solution is made with an artificial neutral like for in Low Voltage where a set of 3 
resistances in parallel are interconnecting the 3 phases and the ground. 
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But in High Voltage, it is feasible but not obvious to use resistances; it is far easier to use a 
transformer whose 3 primary windings neutral point is connected to the ground trough a 
power (current) limiting resistance. 


It is a transformer, and it has a secondary which is in fact “useless”. Often the secondary is 
only a single winding connected to a resistance to have a minimum of operational load. 


Generator or HV} 
2arysideofa | 
transformer ; 

' 


Homopolar Fault ' 


Protection current 
return 


X users with breaker 
protection 


System 


== eo 


Figure 126: Homopolar transformer 


A fault current on any primary phase will return to its source (the transformer or generator) 
through the artificial neutral connection. 


It will be detected by an adapted CT whose secondary is connected to a current threshold 
relay transmitting an alarm or a trip signal. 
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8.4. PARALLEL OPERATION OF TRANSFORMERS 


8.4.1. Configuration of parallel operation 


HV Bus-Bar 


1ary HV breaker TR1 dary HV breaker TR2 
3x6kV 3x6kV 
TR1 TR2 
3x400V 3x400V 
+N +N 
2ary HV breaker TR1 2ary HV breaker TR2 
Tie-in breaker 


LV Bus-Bar ‘A’ LV Bus-Bar ‘B’ 


Figure 127: Parallel operation 


Parallel operation concerns obligatorily 2 (or more) strictly 
identical transformers. 


The intention is to have this configuration: 


2 transformers working in parallel must have the ‘tie-in’ 
breaker of the Low voltage bus-bar closed and 
permanently closed, the 2 transformers sharing the 
load. 


This fact is happening only temporarily (during a short 
period) for operations of maintenance or start / restart 
of plants on Total sites. There is always a good reason 
for not keeping the 2 transformers in parallel. 


Figure 128: Parallel transformers 
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But in other industries, transformers are working in parallel, permanently 


Most probably, | was not lucky enough to see “normal design” working operations of 
transformers (on Total sites), there must be somewhere parallel operations. 


Anyway as the following parallel conditions were not respected (of what | saw), it was 
better to keep the Tie-in breaker opened... 


8.4.2. Conditions for parallel operations 


The parallel operation 2ary terminals to 2ary terminals of 2 transformers is possible 
under the following conditions: 


» Their ratios of transformation (relation between the high voltage and the low 
voltage at no-load) must be equal. 


» The tolerance on these ratios of transformation being weakest of the two 
following values: 


» + 10% value of the short-circuit voltage 
» + 0.5% ratio of guaranteed transformation 
» Their short-circuit voltage / internal impedance must be equal (tolerance + 10%) 
» Their couplings must be compatible between them. 
In the following configuration, coupling is impossible, phases are in opposition, the 


‘angular displacement” (paragraph 7.3.) or “time index” or clock indices (for indice horaire 
in French) is not compatible, T7 is index ‘0’ forT index ‘6’ 


cl b1 


b2 2 


20 ms for 50 Hz 
Figure 129: Phases in opposition 
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But the ‘clock indices’ would match if: 


1) The clock indices (angular displacement / time index) are the same 


2) The clock indices belong to the same group: 
Group | clock indices 0-4-8 
Group II clock indices 6 - 10 - 2 
Group III clock indices 1 - 5 
Group IV clock indices 7 - 11 


(However the transformers having the clock indices in the groups III and IV have also 
compatible couplings) - 


c1 b1 


a2 c2 


20 ms for 50 Hz 


Figure 130: Compatible couplings 
In this configuration, no problem, the 2 transformers can be connected in parallel. T1 is 


index ‘0’ when T2 Is index ‘8’. It would not be the same phases connected in parallel but as 
long as there is an angle of 120°, (for a 3 phases balanced distribution), coupling is 


compatible 
And: 
m» The group | and II can be only connected with the transformers of the same group 
m The group III and IV can be connected together 
» It is possible to connect together with appropriate connections as follows: 
& Yy0, Dd0, Dd4, Dd8, Dz0, Dz4, Dz8 
» Yy6, Dd2, Dd6, Dd10, Dz2, Dz6, Dz10 


& Yd1, Yd5, Yd7, Yd11, Dy1, Dy5, Dy7, Dy11, Yz1, Yz5, Yz7, Yz11 
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Other conditions: 


The sharing between the 2 transformers is acceptable, when the ratio of the nominal 
output of the 2 transformers are between 0.5 and 2. 


In practice, 2 rigorously identical transformers can be in parallel operation with 
same powers, same voltages, same internal resistances, same ratios, identical test 
results which can be achieved only with same manufacturer 


Final (most) important conditions: 

It is necessary that the impedance of the busbars and the connections HV and LV 
does not involve an unbalance in the sharing. It means (principally for LV side) strict 
identical connections with same sizes, same length, same physical configuration. 
This fact is scarcely the case on “our sites”... 

Unbalanced conditions, when 2 transformers are in parallel, conducts for one transformer 


(the one with lest lines resistances) to take slowly the full load, up to trip conditions when 
the load is over the transformer nominal power. 
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TOTAL 


8.5. EXERCICES 


17.What is the function of a protective relay “Buchholz “? 


18.What is the meaning and functions of the ‘DGPT2?’ 
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9. INSULATION FLUIDS AND COOLING 


Concerned here, the ‘liquid’ immersed power transformer 


9.1. INSULATION AND COOLING PRINCIPLES 


9.1.1. Wiring insulation 


The turns of the windings must be insulated from each other to ensure that the current 
travels through the entire winding. The potential difference between adjacent turns is 
usually small, so that enamel insulation is usually sufficient for small power transformers. 
Supplemental sheet or tape insulation is usually employed between winding layers in 
larger transformers. 


9.1.2. Windings insulation 


The transformer may also be immersed in transformer oil that provides further insulation. 
Although the oil is primarily used to cool the transformer, it also helps to reduce the 
formation of corona discharge within high voltage transformers. By cooling the windings, 
the insulation will not break down as easily due to heat. 


7,5 MVA - 20 000 V/ 5 500 V 
ONAN 


Figure 131: Hermetically sealed type transformer with integral filling 
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To ensure that the insulating capability of the transformer oil does not deteriorate, the 
transformer casing is completely sealed against moisture ingress. Thus the oil serves as 
both a cooling medium to remove heat from the core and coil, and as part of the insulation 
system. 


Certain power transformers have the windings protected by epoxy resin. By impregnating 
the transformer with epoxy under a vacuum, air spaces within the windings are replaced 
with epoxy, thereby sealing the windings and helping to prevent the possible formation of 
corona and absorption of dirt or water. This produces transformers suitable for damp or 
dirty environments, but at increased manufacturing cost. 


9.2. INSULATION FLUIDS 


The active parts (winding coils) are placed in a tank (figure above) filled with a 
dielectric belonging to one of the following groups: 


Today, nontoxic, stable silicone-based or fluorinated hydrocarbons may be used, where 
the added expense of a fire-resistant liquid offsets additional building cost for a transformer 
vault. Other less-flammable fluids such as canola oil may be used, but all fire-resistant 
fluids have various drawbacks in performance, cost, or toxicity compared with mineral oil. 


9.2.1. Mineral oil 


Petroleum products, which are relatively cheap, but they have a low flash point, which 
restricts their use in some cases. 


The oil helps cool the transformer. Because it also provides part of the electrical insulation 
between internal live parts, transformer oil must remain stable at high temperatures over 
an extended period. To improve cooling of large power transformers, the oil-filled tank may 
have radiators through which the oil circulates by natural convection. Very large or high- 
power transformers (with capacities of millions of watts) may have cooling fans, oil pumps 
and even oil-to-water heat exchangers 


9.2.2. Silicone oil 


Liquid dielectrics which are difficult to ignite. 
Not to be confused with Silicon. 


Silicones, or polysiloxanes, are inorganic-organic polymers with the chemical formula 
[R2SiO],, where R = organic groups such as methyl, ethyl, and phenyl. These materials 
consist of an inorganic silicon-oxygen backbone (...-Si-O-Si-O-Si-O-...) with organic side 
groups attached to the silicon atoms, which are four-coordinate 
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9.2.3. Halogenated insulating liquid for transformers 


The liquids such as perchloroethylene or trichlorobenzene or carbontetrachloride or 
fluorinated hydrocarbons constituting a coolant, are halogenated hydrocarbons, (typically 
with chlorine or fluorine) are now commonly used. 


This is non inflammable synthetic dielectric without PCBs, not to mix with the previous 
type such as askarel fluids, once promoted for their excellent dielectric characteristics and 
now definitely banned (see 9.2.4. under) 


The use of this liquid (halogenated liquid) involves neither restriction nor special 
precaution. 


9.2.4. PCB dielectric 


Prior to about 1970, polychlorinated biphenyl (PCB) was often used as a dielectric fluid 
since it was not flammable. However, under incomplete combustion, PCBs can form highly 
toxic products, furans, etc. Due to the stability of PCB and its environmental accumulation, 
it has not been permitted in new equipment since late 1960's in Europe and North 
America. 


This decision followed the “Seveso” happening, reinforced by the ‘Bopal’ accident. All 
PCB’s products (Pyralene, Askarel, .....) are classified “Seveso type” fluids. 


9.3. COOLING OF DIELECTRIC FLUIDS 


The liquid dielectric also serves as a means of conveying heat from the winding to cooling 
system. 


The dielectric varies in temperature; therefore, it expands and contracts as the transformer 
load increases and decreases. 


The transformer must be designed therefore to absorb the volume variations of the 
dielectric. 


Two principles are used 
» Breathing transformer 
» Sealed transformer 


Experimental power transformers in the 2 MVA range have been built with superconducting 
windings which eliminates the copper losses, but not the core steel loss. These are cooled by liquid 
nitrogen or helium. 
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9.3.1. “Breathing” transformer 


Expansion 
: ‘ : : Tank 

The expansion of the dielectric takes place in 

an expansion tank placed above the tank. 

The surface of the dielectric can be in direct 

contact with ambient air or can be separated =e: : 

from it by a synthetic deformable membrane. reali” 
Transformer, 


In both cases a desiccator’s stops humidity 
entering the expansion tank. 


,* + ebay 


Oil immersed 
windings with 
expansion 
tank 


: 
ie.ett Is 


Figure 132: Breathing transformer 


20 MVA - 10 000 V/5000V 
ODAF with OLTC 7 


Figure 133: Breathing type transformer with conservator 
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9.3.2. “Sealed” transformer 


For power transformers in which the dielectric quantity is low, it is possible to avoid any 
contact with air. 


For expansion two methods are employed: 


» Expansion of the dielectric is absorbed 
by an inert gas layer between the 
surface of the dielectric and the top of 
the tank. 


Gas layer 


Sealed 
Transformer, 
Oil immersed 
windings with 
Gas inert 
Layer 


Figure 134: Sealed transformer with inert gas 
layer 


All the connections and leads on the 
top of the tank must be sized 
accordingly. 

Cooling system is not effective at the 
surface of the dielectric, where it is at 
its hottest. The detection of a defect 
causing gas production is impossible. 


» Entirely sealed Dielectric 
Deletion of the gas layer prevents these disadvantages. 


The expansion of the dielectric is absorbed by the 
deformation of the cooling system, which is often an 
integral part of the tank. This is the completely sealed 
transformer whose maintenance is reduced to the very 
minimum. 


Figure 135: Entirely sealed transformer 
Note: this type is compulsory for transformers with 


halogenated insulating liquid which can absorb 
large quantities of moisture. 
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9.3.3. Dry Type Transformer 


Transformers with dry insulation in which the cooling is effected by ambient air without an 
intermediate liquid. It concerns “our” low power LV/LV transformer. 


Dry type power transformers use air forced cooling 
They belong to one of the following groups: 
» Class H impregnated. 


» Cast-resin (encapsulated). 


9.3.3.1. Class H impregnated 


Transformers in which the windings are impregnated and polymerised with varnish. 


The insulation and varnish are selected to avoid propagation of fire, the discharge of 
smoke and toxic fumes. 


9.3.3.2. Cast-resin (encapsulated) 


Transformers in which windings are encapsulated in epoxy resin. 


This resin can be reinforced with glass fibre and is specially designed to avoid propagation 
of fire. 
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9.4. COOLING METHODS OF POWER TRANSFORMERS 


The no-load and on-load losses produced by the transformer while operating must be 
evacuated if the transformer is to be maintained in thermal equilibrium to meet the 
guarantees for temperature rise imposed by standards during normal operation. 


It is necessary, therefore, to provide cooling equipment which depends on the type of 


cooling medium and power of the transformer. 


Type of cooling medium 

Mineral oil 

Water 

Air 

Type of circulation of the cooling medium 
Natural 

Forced 

Forced and guided in the windings 

The most common types of cooling 


Transformers with natural circulation of oil and air. 


Transformers with forced circulation of oil and air. 


Transformers with forced and guided circulation of oil and forced 
circulation of air. 


Transformers with forced circulation of oil and water. 


Transformers with forced and guided circulation of oil and forced 
circulation of water. 


Dry type transformers with natural cooling in air. 


Dry type transformers with forced air ventilation (little use). 


Transformers with natural circulation of oil and forced circulation of air. 


Symbol 


O 


Table 1: Cooling methods 
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Without entering into the detailed theory of each method of cooling, the process in practice 
is as explained in the table, and 4 examples of cooling combinations are presented 


9.4.1. Natural circulation of oil 


Cooling is carried out by natural circulation of oil between the 
transformers and the radiators. 


The latter are arranged so that oil circulates by convection. 
The circulation of the dielectric oil is generated by the 
difference between the temperature of the oil in the tank and 
the temperature of the oil in the radiators 


Figure 136: Oil Natural Air Natural (ONAN) cooling principle 


9.4.2. Oil cooled by air forced 


The difference of temperature can be increased by adding fans which cause the oil 
temperature in the radiators to drop from more, thus increasing the temperature difference 
and the carrying capacity. 


The oil circulation rate is increased and the cooling effect of each unit is improved and this 
enables the number of units or the surface area of each unit to be reduced (ONAF 
cooling). 


Oil is the radiator is cooled by air propelled 
by fans 


ONAF cooling principle 


Oil Natural Air Forced 


Note: for the dry type transformers the cooling principle is the same with the difference 
that the cooling fluid is ambient air without any intermediate medium; 
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9.4.2. Forced circulations of Oil and Air 


The cooling of oil in radiators causes an increase in viscosity. This adversely affects the 
efficiency of the system and it is necessary to use a circulating pump to improve the 
performance. 


The oil-air exchange in the radiators is improved and the 

difference of temperature between the top and bottom of 

the radiator is considerably reduced, thereby lowering the 
temperature rise in the top part of the transformer tank. 


In this case the circulation of oil in the windings is always 
by convection 


Figure 137: Oil Forced Air Forced (OFAF) cooling 
principle 
Oil is circulated by a pump in the radiator. Radiator is 
cooled by air forced 


9.4.4. Forced Oil in winding and Air forced 


For high power transformers, it may also prove necessary 
to force the circulation of oil through the windings. The oil 
velocity in the windings is increased tenfold, which 
practically doubles the heat transmission between the 
copper and the oil and lowers the copper-oil temperature 
gradient ( 


“THI 


pera 


Figure 138: Oil Driven Air Forced (ODAF) cooling principle 


Oil is circulated by a pump in the radiator and transformer. 
Radiator is cooled by air forced 


9.4.3. Forced Oil and Water cooled radiator 


In this type of cooling the ventilated radiators are 
usually replaced by more efficient assemblies such as 
air coolers or even water coolers if necessary 


Figure 139: Oil Driven Water Forced (ODWF) cooling 
principle 


Oil is circulated by a pump in the radiator and 
transformer. Radiator is cooled by forced water coolant 
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9.5. ACCESSORIES FOR COOLING FLUIDS 


9.5.1. Non return valve 


If a break occurs in a pipe, a gasket or even a terminal, this 
valve avoids the liquid dielectric in the expansion tank from 


being lost. 
Figure 140: Normal state non return valve 


This device is only used 
with very large expansion 
tank 


Figure 141: Non return valve after sudden flow of cooling 
medium 


9.5.2. Air dryer (desiccators) 


This has two functions: 
» To absorb the moisture in the air drawn in during contraction. 


» To stop air entering into the transformer during small variations of load to avoid 
permanent contact between the drying product and atmospheric air. 


VIL VIL 
EXPANSION COOLING DOWN 


air exhausts air enters breather no contact between 
to air inside transformer 
atmosphere and atmosphere 


Figure 142: Air dryers 
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TOTAL 


9.5.3. Diaphragm expansion tank 


The diaphragm in the expansion tank prevents any contact between the oil and air. 
Hence the oil cannot oxidise and become polluted. 


Vem 


Figure 143: Diaphragm expansion tank 


The elasticity of the diaphragm (rubber sheet) allows variations of volume in the dielectric 
depending on temperature. 
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9.6. EXERCICES 


19.What are the 3 (or more?) different types of liquid dielectric used for immersed 
transformers? 


20. Transformers with forced and guided circulation of oil and forced circulation of air are of 
which type? 


QO) ONAN 
LO) ODAF 
OQ) ODWF 


Q) OF WF 
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10. POWER TRANSFORMER TESTS AND MAINTENANCE 


10.1. TRANSFORMER NAMEPLATE 

As we have seen now, all characteristics of a power transformer, we are able to identity, 
understand and explain terms written on a transformer nameplate 

10.1.1. Nameplate Exercise 1 


Identify; explain all terms, their meaning of this nameplate 


Figure 144: Transformer nameplate (1) 
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10.1.2. Nameplate Exercise 2 


Same exercise, comment all data’s 


Eta eam pram leet ane 
O TRANSFORMER O 


| SERIAL NO. 9$40732.B CLASS OA/FFA THREE PHASE 60 HERTZ | 
| HV VOLTS  139800CY/7970 | 


LV VOLTS 4160 DELTA MFG. DATE 
KVA RATING 3750 CONTINUOUS 65 C RISE 
IMPEDANCE MIN 7.00% AT 3750 KVA 


| AMPS HV 
VOLTS | 3750 
KVA 
[LV WINDING CONNECTIONS 
| VOLTS AMPS 
| Xia 3750 KVA 
4160 520.4 


BIL LEVELS 
HV WINDING 


| CAUTION. HV NEUTRAL 
|| DE-ENERGIZE TRANSFORMER ||HV NEUTRAL BUSHING 
|| BEFORE CHANGING TAPS | |LV WINDING 


| LIQUID TYPE OIL CONTAINS LESS THAN 1 PPM OF PCB 

| FLUID AT TIME OF MANUFACTURE. LIQUID LEVEL BELOW TOP OF 

| MANHOLE FLANGE AT 25 C IS 216 MILLIMETERS LIQUID LEVEL 

| CHANGES 11.00 MM PER 10 C CHANGE IN LIQUID TEMPERATURE. 
MAXIMUM OPERATING PRESSURES OF LIQUID PRESERVATION SYSTEM 
68.95kPa POSITIVE AND 55.16kPa NEGATIVE. TANK SUITABLE 

1 FOR 48.26kPa VACUUM FILLING. 


APPROXIMATE WEIGHTS IN POUNDS 
2498 LITERS LIQ. 2245 KGS TANK & FITTINGS 2012 KGS 
CORE & COILS 3824 KGS TOTAL 8036 KGS 


CAUTION: BEFORE INSTALLING OR OPERATING READ INSTRUCTION 
BOOK 43500-054-04 O 


MADE IN U.S.A. 


Figure 145: Transformer nameplate (2) 
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10.2. SHORT-CIRCUIT VOLTAGE 


10.2.1. Purpose of short-circuit test 


It is to determine the loosed power of the transformer or the power necessary to 
magnetised the core and compensate the joules and reactance losses. 


It is directly linked with the efficiency of the transformer 

It is used for engineering calculations of short-circuit conditions in an electrical network. 
The predetermine Usc will give the instant current which could be delivered by the 
transformer in case or ‘real’ short-circuit downstream the 2ary distribution. 


It is also a factor for parallel operation of transformers; the Usc must be identical for each 
transformer supposed to be coupled 


10.2.2. Definition 


The short-circuit voltage (AC) is expressed in %. 


This value is obtained starting from a test in short-circuit of the transformer. It corresponds 
to the percentage of the nominal voltage that it is necessary to apply to the primary 
winding to obtain, with the secondary in short-circuit (at level of terminals), the rated 
secondary current. 


The short-circuit voltage corresponds to the transformer impedance. 


Average Magnitude of the short-circuit voltage according to power (for Un =24 kV) for oil 
immersed power transformers 


| PinkvA | Uscin% 
25 to 630 4 
800 45-5 
1000 55,5 —-6 
1250 6-6,5 
1600 65-7 
2000 - 2500 


Table 2: Average magnitude of short-circuit voltage 
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10.2.3. Test bench Determination of a transformer short-circuit voltage 


This test is always made at factory, as it is part of the nameplate data’s, but this test can 
be conducted any time on site. 


2ary terminals 
ff | 
Ser, 


(i 
ae. 
variable 
® macs 


Figure 146: Wiring for Usc test 
Example: Transformer 20 000/5 600 V-800 kVA 23.1A/82.5A 


Primary voltage is slowly increase (from 0) up to 2ary current of 82.5A, then measure of 
the tary indicators with 1|(1ary)=23.1A. U (lary) =973V 


Value of the short-circuit voltage 

Usc = 973 / 20000 = 4.8% 
The value indicated on the transformer corresponds to a short-circuit value calculated at 
the ambient temperature of 15 °C, a correction is thus necessary for working conditions 


Indeed, the temperature influences the resistivity of the windings, therefore the internal 
impedance of the transformer. 
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10.3. PREVENTIVE MAINTENANCE OF POWER TRANSFORMERS 


The transformer is an electrical device without any moving parts. 


With no moving parts to wear out, it seems the transformer should last indefinitely. This is 
not so. You must maintain this equipment, making periodic inspections and checks. 


A preventive maintenance program should be established. Preventive maintenance is a 
regularly scheduled inspection and servicing of equipment, 


10.3.1. Cleaning program 


Dampness, dust and corrosive atmosphere found in many areas can cause problems. 


Normal accumulation of dust and dirt can result in malfunction of equipment. The constant 
power system frequency vibration to which energized equipment is subjected loosens nuts 
and bolts even though lock washers secure them. 


Transformers are vital part in today's electrical systems. Industry depends upon their 
operation to provide uninterrupted service. But regular maintenance is needed to ensure 
this service. 


» Transformers require little attention as compare with most other electrical 
equipment. This does not mean you can forget about the transformer once it in 
installed. The idea that a transformer in service needs no attention may lead to 
serious ‘bad’ happenings. Careful inspection and maintenance are essential. 


» A preventive maintenance program should be put into operation. Frequency of 
inspection can be best determined by records and from experience. Such a 
program cannot be met up in one day; It will take a year or two. Transformer 
manufacturers supply maintenance guidelines and suggested time intervals for 
certain types of inspections. 


» As a beginning, these should be followed. But you can best determine. For your 
needs, whether these intervals should be shortened of lengthened. Keep records 
of inspections. After you have enough data you can set your own timetable. 


» The extent of inspection and maintenance will be governed by size importance of 
service continuity, location on the system, and such operating conditions as 
ambient temperature and atmospheric pollution. 
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10.3.2. Test of protection equipment 


cathe earhing faut 
lip Ae’ Gresieer 


eariing vane 
Tip HY and Li 


magnetic 
hie Li breaker 


Figure 147: Typical HV/LV electrical protections 


Primary and secondary protection devices have been commissioned and are 
(supposedly) operational. To check this operability, all protective relays have to be 
checked. 
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The drawing above is for a typical HV/LV transformer with its electrical protection. 


Each individual device need its maintenance sheet for regular check of alarm and trip 
threshold being still in concordance with the original data sheet made at time of 
commissioning / hook-up. Practice is check once a year. 


In the present course, details of calibration / recalibration for each type of protective 
relay cannot be provided, but on site, ensure that electrical maintenance group has all 
the necessary data’s and that they are performing regular calibration.... 


10.3.3. Transformer oil sampling 


Samples can be drawn from energized transformers, although extreme caution should 
be observed when working around an energized unit. It is a good practice, for both 
energized and de-energized units, to attach an auxiliary ground jumper directly from the 
sample tap to the associated ground grid connection. 


= 


—_— 

——~ ag 
] 
‘~ 


fi 


During the first year of a testing program, inspections and sampling should be 
conducted at increased frequencies. Baseline data must be established, and more 
frequent testing will make it easier to determine the rate of change of the various items. 


Figure 148: Typical appearance of oil samples 


A conservative sampling interval would be taken immediately after energization, and 
every 6 months for the first year of a newly initiated program. Specialized applications 
such as tap changers and regulators should be sampled more frequently. Except for 
color and dielectric strength, which can be tested easily in the field, it is recommended 
that oil analysis be performed by a qualified laboratory. 


Glass bottles are excellent sampling containers because glass is inert and they can be 
readily inspected for cleanliness before sampling. Impurities that are drawn will be 
visible through the glass. The bottles can be stoppered or have screw caps, but in no 
instance should rubber stoppers or liners be used; cork or aluminum inserts are 
recommended. For standard oil testing, a small head space should be left at the top of 
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the container to allow for this expansion and contraction. For dissolved gas in oil, the 
can should be filled all the way to the top to eliminate the infusion of atmospheric gases 
into the sample. 


Because the usefulness of oil testing depends on the development of trending data, 
it is important for oil samples to be drawn under similar conditions. The 
temperature, humidity, and loading of the transformer should be documented for 
each sample, and any variations should be considered when attempting to develop 
trending data. Samples should never be drawn in rain or when the relative humidity 
exceeds 70 percent. Different sampling techniques can alter the results, and steps 
should be taken to ensure that all samples are drawn properly. 


When possible, oil samples should always be drawn from the sampling valve at the 
bottom of the tank. Because water is heavier than oil, it will sink to the bottom and 
collect around the sampling valve. To get a representative sample, at least a quart 
should be drawn off before the actual sample is taken. If a number of samples are 
taken, they should be numbered by the order in which they were drawn. 


The sample jars should be clean and dry, and both the jars and the oil should be 
warmer than the surrounding air. If the transformer is to be de-energized for service, the 
samples should be taken as soon after de-energization as possible, to obtain the 
warmest oil during the sampling. The sample jars should also be thoroughly cleaned and 
dried in an oven; they should be kept warm and unopened until immediately before the 
sample is to be drawn. 


10.3.4. Regeneration of oil 


Regeneration of transformer oils could become necessary when dielectric quality of the 
insulation is insufficient according to the result of oil sample analysis. 


Regeneration of transformer oils in devices constitutes an advanced technology of 
treatment of transformer oil that has been degraded by the transformer operation. It 
features the following advantages: 


» Extension of the transformer service life 


& Significant financial savings compared to oil replacement, and saving of other 
costs related to the handling 


» Less problems with transport and disposal of the used transformer oil 


» In contrast to a plain oil replacement the transformer becomes cleaned up during 
the oil regeneration 


» Parameters of the regenerated and the new oils, which are fully comparable or 
even outperforming with the regenerated oils 
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11. OUR TRANSFORMERS 


See also: GS EP ELE 141 (Power Transformers) on the Total intranet 


11.1. CAUSES OF FAILURES 


The transformer is classified among the elements which have a relatively high failure rate 
in the electrical distribution network. The failure rate of an oil transformer is 0.0062 
failures/unit year. 


A failure rate of 0.0062 indicates that the transformer will fail within the next 160 years... 
Therefore, in a group of 10 transformers, one of them will have a problem within the next 
16 years. The failure rate increases proportionally to the number of transformers. There is 
an average of around ten transformers on a Total site, it is therefore very likely that you will 
"experience" a transformer failure for yourself. 


But by respecting the checks and the maintenance programme you also have a good 
chance of anticipating where the next failure will arise and therefore you will be able to 
take the preventive measures (preventive maintenance or scheduled maintenance). 


It must also be remembered that, statistically, it takes four times less downtime to replace 
a transformer than to have to repair / replace a transformer which has failed because it 
was not repaired in time. 


Sources of failures (in order of frequency) 


For all the types taken together (high or low power, oil or air insulation, with or without 
voltage tap changer, etc. 


* Insulation fault, mainly caused by damp, ingress of water into the windings or into 
the immersion fluid 


* Short-circuit due to the protection systems not responding; carrying out a 
systematic check on the operation of the tripping thresholds avoids this type of risk. 


* Disruptive discharge at the transformer HT connection heads and at the level of the 
voltage taps, with more "problems" on the off-load tap changes than on the on-load 
tap changes. Important: this statistic concerns the transformer only. The on-load tap 
changer (OLTC) is considered to be an external accessory which itself has a high 
failure rate. 


The OLTC has a mechanical system and an electrical command and control 
system, which are subject to a large number of failures. Another problem: at design 
level the overload currents, the magnetisation currents (changing from one tap to 
another) are often underestimated, which leads to a rapid deterioration of the taps. 
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On this type of equipment we must always plan for an overload of 125% at the 
minimum, which is often not the case due to cost reasons... 


| have never seen a transformer equipped with an OLTC on Total sites... (On Load 
Tap Changer or Step-Voltage adjustment). 


* Construction defect or lack of maintenance. 
* Incorrect handling or incorrect manual ON/OFF switching operation 


* Incorrect assessment of the dielectric quality of the immersion liquid during 
analyses (particles due to an undetected thermal or chemical reaction). 


The dielectric must be analysed by a laboratory which "knows what it's looking for". 
It is not just a dielectric strength check (which is carried out directly on some sites), 
there must be a check to see whether the internal insulations are not beginning to 
break down into (small) pieces and to see if "suspect" particles are present due to 
gassing. Do not hesitate to regenerate or even replace the oil! 


See the dielectric test characteristics in the following chapters. 
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11.2. MAINPARAMETERS OF A TRANSFORMER 


The following tables show all the information which must be available concerning a 
transformer's parameters / specifications. 


Common general 
parameters 


All transformer technologies 


power rating 


P=U,x1,x 3 =U, xI, xv3 


kVA HVA/LV: 160 - 250 - 400 - 630 - 800 - 1000 - 1250 - 1600 - 2000 
kVA. 
ia he f = 50 Hz in general, 60 Hz for special applications. 


type of operation 


Generally step-down; step-up or reversible on request. 


primary voltages 
voltage rating(s) U1 


5.5 - 6.6 - 10 - 15 - 20 - 33 kV 


For a dual voltage, specify if power is reduced or preserved. 


primary voltages 
insulation level 


7.2 - 12 -17.5 -24 - 36 kV. 


secondary voltages 
voltage rating(s) U2 


LV: 237 - 410 - 525 - 690 V 


For a dual voltage, specify if the power is reduced or preserved. 


secondary voltages 
insulation level 


LV: 1.1 kV. 


secondary voltages 
short-circuit voltage (%) 


Percentage of the rated voltage to be applied to the primary to 
obtain |, at the primary when there is an open circuit on the 
secondary. 

Dry encapsulated: 6 % whatever the power. 


Immersed: 4 % for P < 630 kVA and 6 % beyond. 


off-load voltage 
by voltage taps 


Taps which can be changed off-load on the highest voltage to 
adapt the transformer to the real supply voltage value. 


Standard = + 2.5 %, other values on request. 
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Common general 
parameters 


All transformer technologies 


coupling 
step-down transformer 


Dyn 11 - Yzn 11 - Y(N) y(n)o 
Upper case letter = HV coupling, lower case letter = LV coupling, 
D, d = delta, Y, y = star, Z, z = zig-zag, N = neutral output on HV 


side, n = neutral output on LV, 11 or 0 = time index defining the 
phase difference between the primary and secondary. 


operating altitude 


< 1000 m standard values (NF C 15-100 and IEC 76) 


operating temperature 
standard 


30 °C standard values (NF C 15-100 and IEC 76) 


operating temperature 
mean. daily. hottest month 


operating temperature 
annual mean 


30 °C standard values (NF C 15-100 and IEC 76) 


20 °C standard values (NF C 15-100 and IEC 76). 


installation method 


Exterior or interior in cabin. All powers. 


Table 3: Main parameters of a transformer — all technologies 


The following table gives the specific characteristics for immersed or dry transformers. 


Even if HV/LV dry transformers do not exist, at least there are dry LV/LV transformers on 


Total sites. 


specific parameters 
by technology 


dry encapsulated 


immersed transformers 
transformers 


dielectric 


Dry encapsulated in fire- 
resistant epoxy resin. 


Mineral oil (other on request). 


type of 
moulding/filling 


Vacuum encapsulated and 
moulded. 


Liquid filled hermetically-sealed 
transformer or free-breathing 
transformer. 


temperature class 
and heating 


Temperature class F, i.e. at 
the maximum: windings 
100 °C. °C. 


Temperature class A, i.e. at the 
maximum: windings 65 °C, dielectric 60 
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specific parameters 
by technology 


dry encapsulated 
transformers 


immersed transformers 


cooling 

Aatural AN (Air Natural). ONAN (Oil Natural Air Natural) 
coomg AF (Air Forced). ONAF (Oil Natural Air Forced) 
forced 


HV connection 
bolted 


On ranges. 


HV connection 
plug-in 


On HN 52 S 61 plug-in fixed parts. 


HV accessories 


HVA panel locking system 
without key-lock. 


Plug-in mobile parts on HN 52 S 61 terminals 


Plug-in component locking system without key lock 


LV connections 


On busbars or other. 


By porcelain bushing or busbar bushing. 


LV accessories 


LV cover (if plug-in connectors on HVA 
side). 


internal protection 
accessories 


PT 100 probe or PTC 
associated with electronic 
converter. 


DGPT2, thermostat, thermometer, 
Buccholz relay + air dryer. 


other accessories 


Thimble. 
Drain valve (standard if Pu 800 kVA). 


protection against 
direct contacts 


Bare transformer: IP 00, 
with envelope: IP 31-5. 


Bare transformer with LV busbar bushing 
and porcelain HVA terminals: IP 00. 


Transformer with LV busbar bushing with 
cover and HVA terminals: IP 21-0. 


Locking 


Mobile panels and plug-in 
terminals. 


Table 4: Specific parameters of a transformer 
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11.3. DRY - ENCAPSULATED TRANSFORMERS 


Even if there are none on our sites, this type of transformer is mandatory in high-rise 
buildings (Total?). 


Mandatory el = 
high-rise ~~ 
buildings 


Figure 149: Dry transformer in buildings 


The windings of dry encapsulated transformers are insulated by dry insulators. The cooling 
is therefore by ambient air without an intermediate liquid. 


Dry transformers are manufactured using winding and encapsulation systems by vacuum 
moulding the HTA winding. 


The encapsulation consists of three components: 


* biphenol A-based epoxy resin, with viscosity adapted to an excellent impregnation 
of the windings 


* anhydride (non-aminated) hardener, modified by a flexibiliser to provide the 
moulded system with the flexibility necessary to prevent cracking in service 


* active powder charge consisting of trinydrated alumina Al(OH)3 and of silica which 
provides the mechanical and thermal properties required, and the exceptional 
inherent fire performance qualities of dry transformers. 


Due to this three-component encapsulation system the dry transformers meet the highest 
standards for dry transformers which have recently been harmonised at French and 
European levels. 


Thus the NF C 52-115 and 52-726 standards define the following risk types and 
performance classes: 
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TOTAL 
Risk type Requirement classes 
F: fire FO, F1, F2 
E: environment EO, E1, E2 
C: climatic C1, C2 


Table 5: Dry transformer classifications 


Classification EO, C1, F1 is imposed as the minimum class by the NF C 52-115 standard. 
For example, for a conventional F1, E2, C2 transformer, this means: 
* fire performance class F1 (NF C 52-726) (class F2 corresponds to a special 
agreement between the manufacturer and the user), i.e.: 

o fast self-extinguishing: the encapsulation has an excellent fire resistance and 
is immediately self-extinguishing, which allows these transformers to be 
qualified as nonflammable 

© nontoxic materials and combustion products: the encapsulation does not 
contain any halogenated compounds (chlorine, bromine, etc.) or compounds 
which produce corrosive or toxic products, which is a serious safety 
guarantee against the risks of hot pollution in the event of pyrolysis 

© non-opaque fumes: due to the components used 

* environment performance class E2 (NF C 52-726), i.e. resistance to the following 
risks: 

o frequent condensation 

o high pollution. 

The encapsulation system means that the dry transformers have an excellent 
performance in an industrial atmosphere and are insensitive to external agents (dust, 


humidity, etc.), while guaranteeing that persons and the environment are perfectly 
protected due to the elimination of the risks of hot or cold pollution 


* climatic class C2: operation, transport and storage down to -25 °C. 
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In addition, these transformers provide excellent protection against direct contacts due to 
their envelope which has a protection level of IP 3X, in compliance with the requirements 
of the French protection Decree no. 88-10-56 of 14-11-88. 


These qualities allow the dry transformers to be installed in occupied premises without 
additional precautions (which is not the case for immersed transformers). 


11.4. IMMERSED TRANSFORMERS 


The liquid the most often used as a dielectric in immersed transformers is mineral oil. 
Since mineral oil is flammable, safety measures must be taken (see Operator course on 
transformers and the "Protection" chapter below), with protection by DGPT2 relay (2-level 
gas, pressure and temperature detector). 


In the event of an anomaly it gives the order to switch OFF the transformer before the 
situation becomes hazardous. 


Mineral oil is biodegradable and contains no PCB (polychlorobiphenyl) - and has resulted 
in the elimination of askarels (Pyralene) - and no TCB (trichlorobenzenes). (See following 
chapter on PCBs). 


The transformer is guaranteed with a PCB-PCT threshold < 2 ppm, because the present 
measurement threshold is 2 ppm. 


On request, the mineral oil can be replaced by another liquid dielectric by adapting the 
transformer and by taking any additional precautions which may be necessary. 


The liquid dielectric is also used to evacuate the heat. It expands according to the load and 
the ambient temperature. The design of the transformers enables them to absorb the 
corresponding variations in volume. 

Two techniques are used: 


* Liquid filled hermetically-sealed transformer 


* Breather-type transformer with conservator 


11.4.1. Liquid filled hermetically-sealed transformer up to 10 MVA 


The technique, which involves totally filling the hermetically-sealed tanks of immersed 
transformers without the use of a gas blanket, was adopted by EDF in 1972. 


All oxidation of the liquid dielectric by contact with the ambient air is thus avoided. 
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The transformer is simplified, which means: 


* it is cheaper to buy and more compact: no air 
dryer, no liquid conservator +100°C +20°C 


* itis easy to connect: the high and low voltage \ 
terminal ranges are totally clear 


“ a considerable reduction in the maintenance 


services (monitoring only). 


Figure 150: Effect of temperature on the liquid filled 
hermetically-sealed transformer 


The expansion of the dielectric is compensated by the elastic deformation of the 
corrugated walls of the tank. The mechanical flexibility of these walls allows a suitable 
volume variation inside the tank. 


11.4.2. Breather-type transformer with conservator 


The expansion of the dielectric takes place in an expansion tank located above the 
transformer tank (or conservator). 


400°C +20°¢ .25¢ The surface of the dielectric can be in direct contact 
with the ambient air or be separated by a sealed wall 
made of deformable synthetic material. 


In all cases an air dryer (with a desiccant product) 


prevents dampness entering the tank. 


Figure 151: Effect of temperature on the expansion 
tank 
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Comparison table of the immersed transformer techniques 


Liquid filled hermetically- Breather type with 
technology 
sealed type conservator 
ch anaoranetios the dielectric is not in contact the dielectric is in contact 
with the atmosphere with the atmosphere 
sensitive to dampness no yes 
absorbs oxygen no yes 
oxidation of the dielectric no yes 
deterioration of the insulation no yes 
maintenance low high 
servicing of the dryer no yes 
oil analysis frequency 
(recommended by seller) Meds als 


Table 6: Comparison of liquid filled and breather-type transformers 


All the advantages seem to be on the side of the liquid filled hermetically-sealed 
transformer. | have personally seen a certain number of these transformers which have 
expanded and even exploded; these problems are never encountered on the breather 
type. 


11.5. OPTIMUM POWER OF A TRANSFORMER 


This is the job of the project team, of course, but if you are not sure or if you have 
extensions, you may have to estimate the power yourself. 


Over-dimensioning the transformer means an excessive investment and unnecessary no- 
load losses. But the reduction in power losses can be very high. 
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Under-dimensioning the transformer means that it operates almost continuously at full load 
and often at an overload which has the following consequences: 


* lower efficiency (a transformer is most efficient at 50 to 70 % of its load rating) 


* overheating windings, which open the protection devices and shut down the 
installation for more or less long periods 


* early ageing of the insulators, which may even shut down the transformer. The 
IEC 354 standard specifies that a continuous dielectric temperature overshoot of 
6 °C halves the lifetime of immersed transformers. 


In addition, to define the optimum power of a transformer, it is important to know the 
seasonal or daily operating cycle of the installation supplied: power demand 


simultaneously or alternatively by the receiving equipment whose power factors may vary 
considerably from one receiver to another depending on the usage. 


11.5.1. Determining the power 


More or less sophisticated methods can be used to estimate the optimum power of a 
transformer. 


This is generally done as follows. 
Part one 


We establish a power balance to determine the power demand (or power consumption) on 
the network. We then successively calculate: 


* the installed power Pi (sum of the active powers in kW of the installation's 
receivers) 


* the operating power Pu (part of the power Pi in kW actually used) by taking into 
account: 


e the maximum duty factors of the receivers (since they are generally not used 
at full power) 

e the simultaneity factors by groups of receivers (since they generally do not all 
operate together) 


* the power demand Sa corresponding to Pu (since the power rating of the 
transformers is an apparent power in kVA whereas Pu is in kW), taking into 
account: 


e the power factors 


e the efficiencies. 
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Part two 


For the most heavily loaded day of the year, we determine the value Pc in kW of the 
maximum power consumption by converting it into an apparent power Sc. 


The comparison between Sa and Sc gives the power to be chosen. 


11.5.2. Determining Pi, Pu and Sa (part one) 


(Installed power, operating power and power demand) 


11.5.2.1. Calculating the installed power Pi 


List of the installation's receivers 


We must take into account all the receivers installed and supplied by the transformer, 
without forgetting the power sockets to which mobile receivers can be connected. 


The sum of the powers Pr in kW of the previously listed receivers gives the value of the 
installed power. 


Pi (kW) = = Pr(kW) 


11.5.2.2. Calculating the operating power Pu 


(Takes into account the maximum duty factors and/or the simultaneity factors of the 
receivers) 


The installed power generally gives a value which is too high with respect to the actual 
requirement because all the receivers do not operate at the same time or at full load. We 
therefore apply factors to the powers of the receivers. These factors take into account their 
operating regime: 


e maximum duty factor (ku < 1) which corresponds to the fraction of the receiver's 
total power used. It is always applied to the motor-driven receivers which can 
operate below full load. Example: a pump motor is dimensioned at 50 kW but the 
pump only demands 40 kW at full load, i.e. ku = 0.8 for this receiver. 


e simultaneity factor (ks < 1) which takes account of the fact that groups of receivers 
will not necessarily operate simultaneously. Determining the simultaneity factors 
implies a detailed knowledge of the installations and of the operating conditions. 
Therefore, we cannot give general values. However, the UTE 63-410 and NF C 15- 
100 standards give certain values which are shown in the following table. Example: 
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5 pumps installed, 3 operating continuously, one on standby and one in reserve (or 
scheduled for maintenance), i.e. ks = 0.6 for all the pumps. 


Lighting (beware of discharge lamps) 1 Lighting 1 
Ventilation 1 Electric heating 1 
Air conditioning 1 Air conditioner 1 
Furnaces 1 Water heater 1 
Power sockets 0.25 Kitchen equipment 0.7 
Pumps and other motors 0.75 Laundry equipment 0.7 
Compressors 0.75 Various units 0.75 


Table 7: Standard simultaneity factor table 


We calculate the total power used from the installed power values of the various receivers, 
corrected by: 


Pu(kW) = = Pr(kW) x Ku x Ks 


11.5.2.3. Calculating the power demand Sa 


(Takes into account the receiver efficiencies and power factors) 


The transformer's power demand corresponding to Pu (kW) is expressed by an apparent 
power Sa in kVA. 


This power is evaluated by taking into account the efficiency and power factor, either of the 
various receivers or groups or receivers, or of the installation 


Taking into account cos @ and the efficiency of the receivers 
The apparent power Sr (kVA) of each receiver or group of receivers is obtained by dividing 
the value of its active power Pr (kW) - corrected where necessary by the efficiency and 
simultaneity factor - by the product of n x cos @ (or PF) 

Sr (kVA) = Pr (kW) / (rn x cos @) where: 


* 1 efficiency of the receiver 


* cos o of the receiver (or PF, power factor, for a nonlinear receiver). 
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We apply cos Q: 


* directly if no reactive energy compensation is envisaged 


* for the value obtained after compensation if the reactive energy is to be 


compensated. 


To do this, the following tables can be used: 


* values for the direct inclusion of cos @ (or of PF) 


Induction or | cos @ | 0.02 |0.20/0.25 0.30/0.35 
arc furnaces, a 
welding Bere | 50. | SB | A 19831286 
1/cos@ 
. cos @ | 0.40 |0.45|0.50 0.55|0.60 0.65 |0.70| 0.75 |0.80| 0.82|0.84|0.86 0.88 
All squirrel- 
t 
cage motors | factor | 459 }2.22} 2 | 1.84/1.57/1.54|1.43| 1.33] 1.25] 4.22/1.20/1.16 1.14 
1/cos@ 
cos @ | 0.90 |0.92|0.94 0.96 |0.98 
Transformers 
downst 
(downstream) | factor | 4 44 |4.98|4.06| 1.04|1.02 
1/cos@ 


Table 8: Coefficients for the inclusion of the power factor 


* values of cos @ read after compensation with, depending on the original cos @ 
values, the kvar values necessary to perform the compensation. Even if there is 
currently no reactive energy compensation on our sites, there probably will be 
sooner or later... 
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TOTAL 
cos @ : : 
: Kvar value to be planned for per kW of load to raise the cos g to: 
receiver 

0.86 0.088 0.90 0.92 0.94 0.96 0.98 
0.40 1.688 1.750 1.805 1.861 1.924 1.998 2.085 
0.41 1.625 1.687 1.742 1.798 1.860 1.935 2.021 
0.42 1.564 1.626 1.681 1.738 1.800 1.874 1.961 
0.43 1.507 1.569 1.624 1.680 1.742 1.816 1.903 
0.44 1.441 1.503 1.558 1.614 1.677 1.751 1.837 
0.45 1.380 1.442 1.501 1.561 1.626 1.695 1.784 
0.46 1.329 1.391 1.446 1.502 1.567 1.636 1.725 
0.47 1.280 1.342 1.397 1.454 1.519 1.588 1.677 
0.48 1.226 1.288 1.343 1.400 1.464 1.534 1.623 
0.49 1.180 1.242 1.297 1.355 1.420 1.489 1.578 
0.50 1.182 1.194 1.248 1.303 1.369 1.441 1.529 
0.51 1.086 1.148 1.202 1.257 1.323 1.395 1.483 
0.52 1.044 1.106 1.160 1.215 1.281 1.353 1.441 
0.53 1.000 1.062 1.116 1.171 1.237 1.309 1.397 
0.54 0.959 1.021 1.076 1.130 1.196 1.268 1.356 
0.55 0.919 0.981 1.035 1.090 1.156 1.228 1.316 
0.56 0.885 0.947 0.996 1.051 1.117 1.189 1.277 
0.57 0.842 0.904 0.958 1.013 1.079 1.151 1.239 
0.58 0.805 0.857 0.921 0.976 1.042 1.114 1.202 
0.59 0.768 0.830 0.884 0.939 1.005 1.077 1.165 
0.60 0.734 0.796 0.849 0.905 0.971 1.043 1.131 
0.61 0.699 0.761 0.815 0.870 0.936 1.008 1.096 
0.62 0.665 0.727 0.781 0.836 0.902 0.974 1.062 
0.63 0.633 0.695 0.749 0.804 0.870 0.942 1.030 
0.64 0.600 0.662 0.716 0.771 0.837 0.909 0.997 
0.65 0.589 0.631 0.685 0.740 0.806 0.878 0.966 
0.66 0.538 0.600 0.654 0.709 0.775 0.847 0.935 
0.67 0.508 0.570 0.624 0.679 0.745 0.817 0.905 
0.68 0.479 0.541 0.595 0.650 0.716 0.788 0.876 
0.69 0.449 0.511 0.565 0.620 0.686 0.758 0.840 
0.70 0.420 0.482 0.536 0.591 0.657 0.729 0.811 
0.71 0.392 0.454 0.508 0.563 0.629 0.701 0.783 
0.72 0.363 0.425 0.479 0.534 0.600 0.672 0.754 
0.73 0.336 0.398 0.452 0.507 0.573 0.645 0.727 
0.74 0.309 0.371 0.425 0.480 0.546 0.618 0.700 
0.75 0.282 0.344 0.398 0.453 0.519 0.591 0.673 
0.76 0.255 0.317 0.371 0.426 482 0.564 0.652 
0.77 0.229 0.291 0.345 0.400 0.466 0.538 0.620 
0.78 0.203 0.265 0.319 0.374 0.440 0.512 0.594 
0.79 0.176 0.238 0.292 0.347 0.413 0.485 0.567 
0.80 0.150 0.212 0.266 0.321 0.387 0.459 0.541 
0.81 0.124 0.186 0.240 0.295 0.361 0.433 0.515 
0.82 0.098 0.160 0.214 0.269 0.335 0.407 0.489 
0.83 0.072 0.134 0.188 0.243 0.309 0.381 0.463 
0.84 0.046 0.108 0.162 0.217 0.283 0.355 0.437 
0.85 0.020 0.082 0.136 0.191 0.257 0.329 0.417 
0.86 0.062 0.109 0.167 0.230 0.301 0.390 
0.87 0.083 0.141 0.204 0.275 0.364 
0.88 0.054 0.112 0.175 0.246 0.335 
0.89 0.028 0.086 0.149 0.230 0.309 
0.90 0.058 0.121 0.192 0.281 


Table 9: Kvar value to be planned for if compensation is used 
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The power demand Sa is expressed by: 
Sa (kVA) = 2 Sr (kVA) = 2 (Pr (KW) x Ku x Ks) / (n x cos @) vectoral equality since 
this concerns apparent powers with different phase differences. 
Approximation 


* To accurately calculate Sa we would need to apply Fresnel's vectoral summing to 
the various apparent powers Sr (kVA) 


+ In practice, arithmetic summing would very often give Sa a sufficient order of 
magnitude: 
Sa (kVA) = = [(Pr (kW) x Ku x Ks) / (n x cos @)] 
This power demand corresponds to the normal operation of the installation. 
Taking into account the cos @ and the efficiency of the installation 
If certain precautions are taken and if we have similar experience of the installation, it may 
be sufficient to estimate Sa by applying an overall efficiency and an overall power factor 


for the installation to the value of Pu. 


Sa(kVA) = Pu (kW) / 1 cos » 


11.5.3. Determining Pc and Pm (part two) 


(Maximum power consumption and chosen maximum power) 


11.5.3.1. Determining Pc 


(Power consumption of the time segment of the heaviest loaded day of the year) 


To take account of the possible consumption peaks, we must determine the day of the 
year with the heaviest load, i.e. that which, in addition to the normal receivers, includes 
heating and/or air conditioning equipment at its maximum load. 


This day must be broken down into different time segments and, for each time segment 
thus defined, we must calculate the power balance of the receivers operating 
simultaneously during this period. 


Hence the installation's operating curve (examples of curves: figure a and figure b). 
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6 12 18 24 t 


Figure 152: Operating curves for an installation 


We determine the maximum power consumption Pc, expressed in kW by reading this 
curve. 


If the maximum power consumption corresponds to a short-term (between a few minutes 
and 2 hours max.) temporary peak (Pp), it would be possible to consider it to be a 
temporary overload (see the transformer's admissible overload curves below) and to avoid 
unnecessarily over-dimensioning the power. 


The peaks Pp are shown in figure b. 


11.5.3.2. Determining Pm 


If Pu, the maximum operating power, and Pc, the maximum power consumption, have 
values with the same order of magnitude we choose the highest value, i.e. Pm, 


If Pu and Pc have very different values, it is desirable to check the estimates already 
made, right from the start. 


11.5.3.3. Changing to the corresponding power demand 


The corresponding maximum power demand is obtained by calculating the corresponding 
kVA values for the chosen Pm, using one of the following methods: 


* either: 
Sm (kVA) = Pm (kW) / cos @ 


where cos 9Q is the installation's estimated mean power factor, which may have 
already been used during the previous step 
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* Or: 
Sm (kVA) = Sa (kVA) x Pm/Pu 


Pm/Pu the coefficient corresponding to the inclusion of the necessary power 
surplus with respect to the normal consumption. 


11.5.4. Final choice of the transformer's power 


In principle, we will choose a transformer with standard apparent power S (kVA) 
immediately greater than the Sm determined previously. 


However, the following elements must be taken into account for this choice: 


* operating safety: if the installation only has a single transformer, it would be wise 
to over-dimension Pm by around 25 % 


+ effect of temperature: in compliance with IEC 76, the previous calculation method 
is only valid when the ambient temperature does not exceed a daily average of 


30 °C and an annual average of 20 °C with a maximum of 40 °C (beyond these 
values the transformer must be derated) 


* later extension: if planned for, take this into account when determining Pm 


* power factor: on the network side, it must be taken as 0.928 to prevent the 
penalties applied by the energy distributor: 


SkVA = PkW/0.928. 
In this respect, it must be noted that the power determined for the transformer is 
expressed in kVA (apparent power) whereas the power subscribed to with the 
energy distributor is expressed in kW (active power). 
It must also be noted that, in France, the subscriber has one year in which to 
modify the contract signed with the energy distributor. This applies in the case 
where the site does not have its own power plant and depends on an outside 
"Supplier". 

+ standard transformer powers. 
The standard transformer powers are: 


160 - 250 - 400 - 630 - 800 - 1000 - 1250 kVA. 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 148 / 209 


Field Operations Training 
Electrical Maintenance 
TOTAL Transformers and Power Transformers 


11.6. POWER OVERLOADS 


11.6.1. Taking into account the overloads 


To prevent early ageing of the transformer the short or long overloads which may be 
admissible must be compensated by a lower "normal" load. 


The following curves enable us to determine the admissible daily or short overloads 
according to the transformer's normal load. 


For each overload curve the figure opposite the arrow indicates the desirable ratio 
between the normal load and the rated power in order to be able to tolerate the overload 
indicated by the curve. 


The curves are given for the normal ambient temperature which, under IEC 76, 
corresponds to: 


* ambient operating temperature: -25 °C to +40 °C 
* the monthly mean ambient temperature of the hottest month: 30 °C 
* the annual mean ambient temperature: 20 °C. 
For a maximum ambient temperature different to 40 °C and notified to the manufacturer, 


the transformer's specifications will be calculated accordingly and the curves then remain 
valid. 
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11.6.2. Daily cyclic overloads 


Depending on the ambient temperature of the premises in which the transformer unit will 
be installed, a high and long daily overload may be admissible without (systematically) 
compromising the lifetime of the transformer or of the transformers in parallel. 


The daily cyclic overload curves correspond to the ambient temperature conditions of 


IEC 76, given above and indicate the admissible temporary loads and overloads in 
percentage of rated power. 


% rated power % rated power 


Immersed transformer 150 
0,2 


150 


140 140 Dry transformer 


120 120 


100 100 


2 4 6 8 10 12 t(h) 2 4 6 8 10 12 t(h) 


Figure 153: Daily cyclic overload curves 


Example: 


For an immersed transformer which is loaded all year round at 80 %, we look at the curve 
corresponding to the coefficient 0.8, and we read off the admissible daily overload which is 
approximately 120 % for 4 hours or 135 % for 2 hours. 
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11.6.3. Short overloads 


Similarly, short very high overloads may appear when operating the receivers (e.g. when 
starting a motor). 


They are also admissible with the reserve that they do not exceed the limits given by the 
following curves. 


Example: 


For a dry transformer which operates at a 70 % load all year round we look at the curve 
corresponding to the coefficient 0.7 and we read off the admissible short overload which is 
approximately 10 In for 10 seconds or 5.2 In for 30 seconds. 


multiple of the rated current multiple of the rated current 
x In xin 
Immerged transformer 
9,5 Dry transformer 


10 20 30 40 £0 60 I(s) 5 10 w~ 60 t (5) 


Figure 154: Admissible short overload curves 


These admissible short overloads are the approximate values of the load and represent 
multiples of the rated current. 
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12. CURRENT TRANSFORMERS 


We have already seen PT’s and CT’s in part I; let us see now some complementary 
information on CT’s 


12.1. GENERALITIES 


Protection or measuring devices requires data on the electrical rating of the equipment to 
be protected. 


For technical, economic and safety reasons, this data cannot be obtained directly from the 
high voltage equipment power supply; the following intermediary devices are needed: 


* ¢ Voltage Transformer (VT), or Potentiel Transformer (PT) 

* * Current Transformer (CT) 

+ ¢ Toroid sensors to measure zero sequence currents. 
These devices fulfil the following functions 

+ * Reduction of the value to be measured (e.g. 1500/5 A) 

+ ¢ Galvanic insulation 


+ * Providing the power required for data processing and for protection operation 
itself 


12.2. CHARACTERISTICS 


12.2.1. The values to be specified 


A number of values must be specified to make a CT. Some of these values are 
standardised. 


For CTs needing a specified accuracy in the transient state, the reference is either 
standard IEC 44-6 or company specifications. 


The following list only concerns CTs operating in steady state. 
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12.2.1.1. Primary 


Insulation level defined by three voltages, 
* the highest network voltage (Um) 
* the rated time power frequency withstand voltage 
* and the lightning impulse withstand voltage; 
The rated short time thermal current (Ith) and its duration if it differs from 1 s; 
The rated dynamic current (Idy) if its peak value differs from 2.5 Ith; 
The rated primary current. 


Rules for the profession stipulate that the rated current of the network on which a CT is 
installed, be between 40 and 100% the rated primary current of the CT. 


12.2.1.2. Secondary 


The function, measurement or protection, of the secondary must be specified and leads to 
varying constraints and specifications. 


In both cases, the rated secondary current must be specified (1 or 5 A). 


Measurement 


The rated output power (in VA), the accuracy class and the maximum safety factor (SF), 
normally between 5 and 10 and very exceptionally less than 5, must be specified. 


Note: The safety factor is the ratio between the primary current for which the winding ratio 
error is greater than or equal to 10%, and the rated primary current. 


The various accuracy classes (0.5/1/1.5/2/2.5/ etc) and the resulting constraints are 
given in the manufacturers standards. 


For switchboard devices, class 1 is generally more than 
10VA Cit FS < 10 enough. This secondary is normally referred to as 


| = safety factor < 10 shown: 
accuracy class = 1 
rated output = 10 VA 


Figure 155: CT secondary references 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 153 / 209 


Field Operations Training 
Electrical Maintenance 


TOTAL Transformers and Power Transformers 


Protection 
The protection windings can be specified in two ways: 


* As in IEC 185 and European standards: by specifying the rated output (in VA), 
the accuracy class (5P or 10P) and the accuracy limit factor (ALF). 


The accuracy class gives the maximum composite error allowed on the 
secondary current for a primary current equal to ALF times the rated primary 
current (5P = 5%, 10P = 10%). 


The characteristics and constraints associated with the various accuracy classes 
are given in the various standards. 


10 VA 5P 10 
The windings are then referred to as shown: [accuracy limit 
factor = 10 
Figure 156: CT windings references as in IEC accuracy class = 5P 


accuracy level power = 10 VA 


* As in BS 3938: by specifying the value in volts of the knee point voltage (Vk, see 
the following for explanation), the maximum winding resistance (Rect) and, if 
necessary, the maximum exciting current (lo) for the voltage Vk. 


In this case, the windings are referred to as shown. 
0,050 150 R 0,50 


Figure 157: CT windings references as in BS —= 
| resistance Rg in Ohms 
[ voltage Vk in Volts 


current I, in Amperes 
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12.2.2. Definitions 


Typical schematics inserted in a circuit and “classic” manufacturing of a CT 


Figure 158: CT in a circuit and its manufacturing (zero flux type) 


Legend of the figure: 
I, = current to be measured, 


lz = secondary circuit current, 

CM = magnetic circuit, 

Z = load impedance, generally low, 

A = current amplifier, 

ES = secondary winding, 

SD = zero flux detection winding controlling amplifier A. 


And (re) explaining some terms used above 


CT voltage 


This is the operating voltage applied to the CT primary. Note that the primary is at the HV 
potential level and that one of the secondary terminals is generally earthed. 


As for other equipment, the following is also defined: 
* Maximum 1 min. withstand voltage at standard frequency 
* Maximum impulse withstand voltage 


e.g.: for 24 kV rated voltage, the CT must withstand 50 kV voltage for 1 min at 50 
Hz and 125 kV impulse voltage. 
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Rated transformation ratio 

It is usually given as the transformation ratio between primary and secondary current 11/I2. 
Secondary current is generally 5 Aor1A. 

Accuracy level 

It is defined by the composite error for the accuracy limit current 


Example: 5P10 means 5 % error for 10 In 
10P15 means 10 % error for 15 In 


5P and 10P are the standard accuracy classes. 


5 in, 10 In, 15 In, 20 In are the standard accuracy limit currents. 


The accuracy limit factor 


It is the ratio between the accuracy limit current and the rated current. 
Accuracy level power 


Secondary power at rated current for which the accuracy level is guaranteed. Expressed in 
VA, it indicates the power that the secondary can deliver for its rated current, while 
respecting the rated accuracy class. 


It represents the total consumption of the secondary circuit, i.e. the power consumed by all 
the connected devices as well as the connecting wires. 


Ifa CT is loaded at a power rating lower than its accuracy level power, its actual accuracy 
level is higher than the rated accuracy level. Likewise, a CT that is loaded too much loses 
accuracy. 

Admissible short term current 

Expressed in rms kA, the maximum current admissible for 1 second (Ith) (the secondary 
being short-circuited) represents CT thermal overcurrent withstand. The CT needs to have 
the capacity to withstand short circuit current for the time required (1 s). 


Electrodynamic withstand current (Idy) expressed in peak KA is at least equal to 2.5 x Ith 


To take into account, as well, are elements related to the type of assembly, characteristics 
of the site (e.g.: temperature), network frequency, etc... 
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12.2.3. CT Response in a saturates state 


When subjected to very strong 
current, the CT becomes 
saturated, i.e. the secondary 
current is no longer proportional to 
the primary current. The current 
error, which corresponds to the 
magnetisation current, becomes 
very high. 


knee point 
voltage 


Knee-point voltage 


This is the point on the current 
transformer magnetisation curve at 
which a 10% increase in voltage V 
requires a 50% increase in 
magnetisation current Im 


Figure 159: Knee point voltage 


12.3. SPECIAL APPLICATIONS 


12.3.1. Measurement of residual currents 


Protection of persons in LV distribution networks is frequently ensured by monitoring 
residual current value. This protection, generally provided by a device incorporated in the 
LV circuit-breaker, is often autonomous: its operating energy is supplied by the CT 
detecting the residual currents. 


Stipulated CT performances generally call for use of ferromagnetic materials with excellent 
relative permeability (ur) using nickel, which raises their cost. 


CTs measuring fault (leaking) current is an application as well with transformers. See 
course EXP-EP-EQ170 at paragraph 8.3.3, Tank earth fault relay and paragraph 8.3.4. 
Homopolar transformer. Both these examples use a CT as detector for a faulty current 


Concerning the RCD (Residual Current Detection) system, using a “toroid” and associated 
with LV breakers, it is more (in my opinion) a measurement of “zero sequence current” as 
described in the following paragraph, adding up the fluxes method.... 


See course EXP-MN-SE110 “Electrical Protections” explaining in details the RCD system. 
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12.3.2. Measurement of zero sequence current (lo) 


This is the current resulting from the vectorial sum of the three phase currents of a three- 
phase circuit. This sum can be achieved in two ways : 


* By adding up the secondary currents of three CTs (Nicholson assembly 


* By adding up the fluxes 


12.3.2.1. By adding up the secondary currents of three CTs (Nicholson 
assembly 


For this, CTs with the same winding ratio must be used, and 
the primary and secondary connections must respect the 
polarities (winding direction) of the various primary and 
secondary windings 


Figure 160: Connection of three CTs to measure zero 
sequence current (Nicholson assembly). 


Two phenomena limit the detection thresholds in this method: 


* In steady state, the differences in phase and winding ratio error mean that the 
vectorial sum is not zero. This results in a «false zero sequence current» which 
may not be compatible with the required thresholds. 


Pairing of CTs (in phase and module) enables practical thresholds to be lowered: 


+ In transient state, saturation and hysteresis of magnetic circuits generate the 
same fault. Oversizing of the CTs delays the moment of appearance of this 
phenomenon. 


These solutions (pairing and oversizing) do not generally allow detection of a current lo 
less than 6% of the phase currents. 
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12.3.2.2. By adding up the fluxes 


To avoid the inaccuracy of this first method and find a way -_ Pro 
round its constraints, the Io currents can be measured using 

a single toroid CT or «toroid»: the three phase currents 11, GE. 

12, 13 of the three-phase network flow through its magnetic ' 
Circuit. 


With a suitable design (ferromagnetic material, dimension 

and accuracy load) and taking certain toroid installation 

precautions (grouping and centering of cables, use of a : \> 
ferromagnetic sleeve if necessary), this method enables 

measurement of very low lo current values with a high 

degree of accuracy (module error around 1% and phase Gh toroid 
error less than 60 angular minutes): a few hundred mA in 

HVA and a dozen mA in LV. 


metal 
sleeve 


Figure 161: Measuring current using a toroid conductor 
grouping and 
centenng 


sleeve L 220 toroid 


12.3.3. Fault detection 


In HVA distribution networks, use of fault detectors facilitates rapid fault location, thus 
minimising the part of the network not supplied and reducing outage time. 


There are two possible means of signalling the fault current detected by these devices: 
* Using mechanical or electrical indicator lights placed at points easy to reach by 
operating staff (case of MV/LV substations in underground rural and urban 
networks). 


+ By remote transmission to the operating centre for fault detectors placed on 
remote-controlled switches of public distribution networks. 


These fault detectors are supplied by CTs for which no standards exist. Only the CT-fault 
detector combinations are specified by operators. 
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12.4. SPECIAL RISKS 


12.4.1. Precautions of use 


The current transformer works in short-circuit; the induction is very weak in the magnetic 
circuit. The ampere-turns in the primary are compensated by the ampere-turns in the 
secondary. 


N,x1,-N,x1,=E 
E = Magnetomotive Force 


E=Rx4¢ where © is the magnetising flow and R the reluctance of the magnetic circuit. 
If the secondary is opened, the CT being in service lz become null, so: 
Thus, there is a high induction in the magnetic circuit which provoke: 


* A high increasing of the iron losses resulting in an important overheating 
(saturation of the magnetic circuit) 


+ A dangerous rise of the secondary voltage which may cause an electrocution for 
the personnel in contact with this voltage. Peak or instantaneous voltages of 
over 5 kV can be reached which may be fatal for persons and cause severe 
equipment damage. 


* An inductive voltage drop in the primary. 


12.4.2. Conditions of use 


It is important to know the load of the current transformers and to check if it is well adapted 
to their precision power. 


The limiting precision factor or saturation coefficient determines the acceptable maximum 
load by the current transformer so that the operation of the overcurrent protections is 
working when a fault happens. 


Example: CT 50/5A - 15 VA - 5P10 Measured load with 5 A = 25 VA 
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i secondary Saturation will be done with aex10 6 


times |, instead of 10 times 


Therefore if an overcurrent protection is set 
(on the protection relay) at 8 times In, the 
overcurrent protection will not work when 
the fault happen. 


Figure 162: Conditions of use, too 
saturated 


200 400 600 | primary 


Maximum load of the CT so that protection functions 


15x> = 18.7VA 


Saturation Test 


If the limit factor precision is unknown, it can be measured from a saturation test by 
injecting a voltage at the secondary (us), the primary being not in use, and by noting the 
consumed current (is). 
Us 
The curve us f (is) gives the elbow (or knee) 
of saturation. 
. ge . . A U 10% 
Figure 163: Conditions of use, determining 
the saturation 


We admit that the point of saturation is 
reached when an increase of the voltage 
gives an increase of 50 % of the current 


A i 50% a 
Example: CT 50/5 - 15 VA eit 


Un = —=3V 
5 
Us=45V => k = es ae 
Un 3 
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Note: 


It would be necessary to take into account the consumption of the CT (~30 % of Pn). 


However, (with the saturation test), the values give the magnitude of saturation, and 


determine the acceptable maximum load of the secondary circuit. 


Wiring, as well consume power! It is important to take the wiring's consumption, and think 
of taking sufficient section to, as much as possible, reduce this consumption by using an 


“adequate” section. 


See table: consumption in VA for one-meter (double wire) with 5A : 


VA (consumed) Sections 
0.6 S=1.5 mm? 
0.36 S = 2.5 mm? 
0,23 S= 4mm? 
0.15 S= 6mm? 


Table 10: Power consumption of one meter wiring with 5A. 
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13. PROTECTIONS 
13.1. POWER TRANSFORMER PROTECTIONS IN GENERAL 


13.1.1. Identifications 
Transformers electrical Protections systems have been seen in the course for Operators. 


We are going to see them again more in detail (the protective relays and tripping devices), 
with all the possibilities and the standards 


52P: Primary Breaker 


ee ap oo Trip 52P 


1(toroid) 
or3CTs \Il/ “77 " 
nace * Trip 52P 
_ and 52S 
Surge : 
protector g~ (| #}———390}------ - 
~~ tT _ Trip 528 
Neutral —  f Lf §f pos nu ; 
srl Relay type Sepam 
eis from Schneider or 
phases Trip 52S : 


equivalent 


52S: Secondary Breaker 


Figure 164: Typical HV/LV Transformer protections 
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Concerning values of thresholds, calculations of trip levels, set point determination, etc..., 
please check the commissioning data sheets available on your site. And if you cannot find 
the desired one, it should be not (too) difficult for you to recalculate, for example an 


overcurrent setting; 


In your maintenance schedule you must have timing for checking the calibration of all the 
protective relays: we just give you hereunder a tool explaining the use of the different 
protective relays and systems for the transformer equipment’s. 


Hereafter is a listing of transformer concerned protective systems (only). Details ans 
explanations are provided in the following 


Symbol 


: Code ANSI Designation of device or relay Comments 
graphic 
Temperature switch inside 
T> 38 - 49T Transformer thermal relay feansfornier 
P> 63 Pressure switch On transformer 
[as 
= DGPT and/or Buchholz Switch(es) on transformer 
L J 
In HV with separate TC’s and 
a elimialy Pl Sane) relays for protections 
In LV it is generally equipped with 
52S Secondary Breaker Independent leno mens) 
thermal and magnetic protections 
for protection of LV network 
/ a 49 Thermal overload Equipping breaker or independant 
I> 50 Bie overcurrent relay instant Detection on one phase 
Phase overcurrent relay Detection on one phase — timing 
I> 51 es 
dependant time action can be specified 
I> : ; Either in 50 or 51 (instant or 
[>> Phase overcurrent with 2 setting dependant) 
Current Detection either on tary 
In > 50N Earth fault instant action and 2ary Phase to ground or on 3 
phases (toroid or zero sequence) 
In > 51N Earth fault dependant time action | Same above, with dependant time 
Ig > 50G Earth (Ground) fault instant action Halas Ca i (eoule bencenlined 
as well 50N) 
Ie > 51G ra (Ground) fault dependant Same above, delayed 
ime action 
cok : In case of reverse current in 
le 67 Directional overcurrent protection phases (short- circuit) 
ee Earth fault current associated with 
Ne 67N Directional earth fault 4 direction ofthis currant 
Af 87T Differential Protection for Difference of power between 
| 7 Transformer Primary and Secondary 


See instant (independent time) and dependant time explanations in the following 


Table 11: Types, codes, symbols for Transformer Protections 
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13.1.2. Functions of Protections and their applications 


Relays or multifunction devices fulfil the functions of protection. At the origin, the relays of 
protection used only one function and were analogue type. 


Now, the technology is digital and then it is possible to conceive increasingly advanced 
functions and the same device generally carries out several functions. 


This is why, we say rather multifunction devices. 


The relays of protection are devices which verify permanently the electric network (current, 
voltage, frequency, power, impedances...) with predetermined thresholds and which make 
an automatic action (generally opening of a circuit breaker) or an alarm. 


The role of the protection relays is to detect any abnormal phenomenon being able to 
occur on an electrical network such as short-circuit, variation of voltage, dysfunction of a 
machine, etc. 


The relay can be: 
ey, 
“XX CURRENT 


_ BREAKER ~~ is 
+ without auxiliary power supply SEO ets 

(autonomous) when the 

necessary energy for its 

operation is taken directly from 

the supervised circuit 

: PROTECTION 
ACTUATOR RELAY 


Figure 165: Protection relay autonomous 


The actuator must be sensitive because the power taken on the circuit is weak; 


* with auxiliary power supply 
when the necessary energy for 
its operation is taken from an BREAKER 
auxiliary source of voltage (DC 
or AC) independent of the 
supervised circuit 


“XN. CURRENT 
TRANSFORMER 


ll 


actuator” © REC TGLON 
Figure 166: Protection relay with 
auxiliary power supply 


AUXILIARY 
POWER 
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13.2. SPECIFIC ELECTRICAL PROTECTIONS 


13.2.1. Overcurrent Protection 


(Code ANSI 50 or 51) 


This protection has the function to detect the single-phase, two-phase or three-phase 
overcurrent’s (short circuit) 


The protection is activated if one, two or three of the concerned currents exceed the 
setting corresponding to the threshold of adjustment. 


This protection can be time lag; in this case it will be activated only if the controlled current 
exceeds the threshold adjustment during a time at least equal to the selected 
temporisation. 


This temporisation can be at independent time or dependent time. 


13.2.1.1. Independent Time Protection 


The temporisation is constant; the 
protection is independent of the value 
of the measured current. 


t A 


The threshold of current and the 
temporisation are generally 


adjustable. 
Zone of operation 


Figure 167: Independent time 
Protection principle 


So 


> 


Is i 


Is threshold of operation in current (threshold of current) 


T delay of the protection operation (temporisation) 
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13.2.1.2. Dependant Time Protection 


The temporisation depends on A 
the relationship between the t | 
measured current and the 
threshold of operation. 


Higher is the current and 
weaker is the temporisation 


Zone of operation 


Figure 168: Dependent time + 
Protection principle i , 


Is: threshold of operation in 
current corresponding with the vertical asymptote of the curve. 


T: temporisation for 10 Is 
The dependent time protection is defined by the standards IEC 255-3 and BS 142 


They define several types of protection with dependent time, which are different following 
the slope from theirs curved:: protection with inverse, very inverse or extremely inverse 
time. 


For example, the Sepam 2000 of Schneider proposes the curves (graph hereafter) for a 
temporisation set at 1 second (temporisation of 1 second for I = 10 Is). 
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100.00 


extremely inverse 


=a | 
ae 
RS ariel 
10.00 Z\\ 


——_ SF inverse = F inverse = — 


-—\— 
-—\— <— AI 


Figure 169 Curves inverse, very inverse and extremely inverse with T= 1s 


The use of an inverse-time relay is sometimes preferable under the following 
circumstances: 


* The outgoing feeders on the transformer secondary side are protected by either 
fuses or another inverse time relay; 


+ The system operations gives the possibility of relatively high overloads of several 
seconds duration (for example motor re-accelerations). 


* The magnetising currents during transformer energisation are of high amplitude and 
decrease slowly 
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13.2.2. Earth Fault Protection 


(Code ANSI 50N or 50G, 51N or 51G) 


This protection is used to detect the ground fault. The protection is activated if the residual 
current Irsd = I1 + 12 + 13 exceed the threshold of the adjustment for a time equal to the 
selected temporisation. 


In the absence of ground fault, the sum of the three currents of the three phases is always 
zero. 

The residual current gives the measurement of the current passing through the ground 
during the fault. 


The protection can be independent or dependent time identically to the overcurrent phase 
protection (same principle as described above) 


13.2.2.1. Measure of the residual current 


Same principle as seen in the previous chapter: “CTs”, consider this paragraph as a 
reminder.... 


The measurement of the residual current can be obtained in two ways: 
* By acurrent transformer (torus or toroid type) including the three phases. 


The secondary windings of the current transformer have a magnetic flux 
Orsd = 01+ 02 + 03 


1, 62 and 03 are proportional to the phase currents 11, 12 et 13, Orsd is then 
proportional to the residual current. 


The earthing braid of the screen cables indicated on figure 6 must pass inside the 
toroid, so that an internal fault of the cable (phase screen) is detected. 


If not, the short-circuit current 
circulates in the core of the cable and 
comes back by the screen, it is thus 
not detected by the toroid. 


Figure 170 Measure of residual current by a 
toroid (or torus) 
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* By three current transformers whose neutrals and phases are connected 
together (zero sequence principle) 


Minimal threshold of the adjustment 


There is a risk of a wrong activation of the 
protection due to an error of the residual 
current measurement, in particular in the 
presence of transient currents. 


Figure 171 Measure of residual current by 3 CTs) 


In order to avoid this risk, the threshold of 
the protection adjustment must be higher 
to: 


e approximately 12 % of the nominal of the current transformers when the 
measure is taken by three CT 


e 1Awitha temporisation of 0.1 s, when the measure is taken by a torus. 


13.2.2.2. Single phase to earth fault on primary side (50N, 51N) 


On the primary side, the residual current measurement is often performed using the three 
feeder CTs (this is the case for a single-phase relay or the zero sequence unit overcurrent 
and earth fault relays). Either relay must in this event fulfil the two conditions below 


* Be slightly time-delayed to avoid spurious trips caused by circulation of false zero 
sequence current following a brief period of saturation in the current transformers 
(magnetising current, switching surge or down-stream fault). An operating level of 
approximately 5% minimum maybe achieved in this case. 


* Or be instantaneous, but the operating level must not in this event be less than 
15 to 20% of the CT nominal. 


Often, this limitation leads to too high a setting compared to the maximum available earth 
fault current, and consequently to a loss of sensitivity. 


This difficulty can be largely overcome by using a ring or cre-balanced CT around the 3 
phases in order to achieve zero-sequence current measurement, the torus type described 
above. 
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13.2.2.3. Single phase to earth fault on secondary side (50N, 51N) 


When the secondary windings of a transformer are connected in star configuration (“wye” 
in America) and the neutral point is connected to earth, a single phase overcurrent relay is 
installed on the neutral to earth connection. This relay must be set to be selective with the 
zero-sequence protection on the downstream network and is commonly known as a 
standby earth fault relay (SBEF). 


It is also possible to add high-impedance Restricted Earth Falut (REF) protection. This 
compares the current circulating in the neutral-to-earth connection with the sum of the 
three secondary phase currents (obtained from the residual connection of the 3 line CTs). 


13.2.2.4. Tank earth fault protection 


(Code ANSI 50 or 51, N or G) 


This protection is to protect a transformer against the internal fault between a winding and 
the mass. 


This protection is recommended as soon as the power of the transformer reaches 5 MVA; 
(But installed on far lower powers on sites). 


It is an overcurrent protection. This protection is installed on the earthing connection of the 
transformer mass. 


It requires isolating the tank of the 
transformer from the ground, so that 
the fault current crosses the 
protection. 


earthing connection 
(mass of the transformer) 


This protection is selective, because 
it is sensitive only to the earth fault 


with the mass of the transformer isolating 


supports 


Figure 172 Tank protection 


Tank earth protections : for breathing transformers care about accessories to be isolated 
as well — put back insulation / isolation gaskets, spacers, rubber pad, etc.... initially 
installed 


Extract from GS EP EL 141 paragraph 6.6. : 


If tank earth fault detection is required in project particular specification/data sheet, the 
tank shall be insulated from the base frame and the casters, and cooling fans, if fitted, 
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shall be mounted on insulating support. If the conservator is separately mounted (i.e. not 
supported by the transformer tank) all connecting pipes shall be fitted with insulating 
spacers. The mounting of all accessories shall consider and maintain the integrity of the 
tank earth fault protection scheme (i.e. no bypass to earth). 


13.2.3. Differential Protection 


(Code ANSI 87 T) 


At start-up of the transformer, a differential current equal to the start-up current appears, 
its duration is of some tenths of second. 


In order to avoid a strong deterioration of the transformer during an internal fault, the 
temporisation (of the differential protection) should not be higher than the duration of this 
current 


The action of the tap changer in load causes a differential current. 


The characteristics of the differential protection transformer are related to the 
characteristics of the transformers: 


* ratio of the transformation between the incoming current |, and the outgoing 
current Is (Secondary current), 


* coupling mode between the primary and the secondary, 
* start-up current 


* permanent magnetising current. 


Principle of operation 


The differential protection of a transformer protects from the short-circuits between 
windings and spires from the same winding which correspond to short-circuits of two- 
phase or three-phase type. 


If there is no earthing on the transformer, the differential protection can also be used to 
protect from the ground fault. 


However, when the fault current is limited by impedance, it is often not possible to regulate 
the threshold of the current to a lower value than the limitation current. 


The operation of the differential protection for transformer is very fast; approximately 30 
ms, to avoid a deterioration of the transformer in the event of internal short-circuit. 
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Transformer 


Figure 173: Schematic diagram for a differential transformer protection 


In order to avoid the risks of inopportune trip for the strong fault currents of external origin 
to the protected zone, the differential protections for transformer are at percentage. 


Figure 174 Principle of a percentage relay for a transformer protection. 


- In the first coil: current differential i;-—i2 = im 
. L +i ; 
- In the second coil: a =1. 


Operation of the relay when: im = P % x ia 
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Characteristics of protection 


They are due to: 


a) The need to have current transformers of whose errors are similar, in spite of different 
currents and voltages. 

b) The need to compensate the phase shift between primary-secondary from the 
transformer to be protected 

c) The variations of the ratio of the currents in the case of a transformer with a load tap 
changer 

d) The magnetising current of the transformer at the start-up (in particular during the 
start-up to the zero passage of the voltage). The magnetising current contains a 
strong percentage of harmonic 2 (100 Hz). 


13.2.4. Directional Overcurrent Protection 


(Code ANSI 67) 


This protection has the function of an overcurrent associated with a detection of a "current 
flow direction". 


To analyse its operation, we will show an example to use this protection. 


Let us consider a set of bus-bars 
supplied by two power sources 


source | source 2 


| lee] Tec2 | 
u) D4 P1, Py 


; ' t : Protections phase overcurrent 
i— / 

' ' Po, P3 
Protections directional phase 
overcurrent 


Toc: 
Short-circuit current supplied with 
source 1 


Toce 
Short-circuit current supplied with 
source 2 


—» flow of the short-circuit current Figure 175 Set of bus-bars supplied 
by two sources 


4 
| detection way of the directional protection 
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When there is a fault in A, the two short-circuit currents Icc: and Ice. are established 
simultaneously. 


The four protections P;, Pz, P3 and P. are crossed by a short-circuit current. However, to 
eliminate the fault without crossing the power supply of the outputs, only circuit breakers 
D, and D2 must trip. For that purpose, we install the protections of a directional phase 
overcurrent in Pz and P3. 

The protection system behaves then in the following way: 


* The Pg protection is not activated, because a current circulating in an opposite 
direction of its detection crosses it 


* The P2 protection is activated, because a current circulating in the direction of its 
detection crosses it. The protection opens the circuit breaker Dz, the current I... is 
switched off 

* An inter-tripping system open Dy, the current Icc: is switched off 


* The P, protection is not activated due to its time-lag. 


The faulty section is thus insulated. 


13.2.5. Independent time directional zero sequence overcurrent detection 


(Code ANSI 67 N) 


This protection has the function of zero sequence overcurrent defined in paragraph 2 
associated with a detection of a "current flow direction" (ground fault going in one specified 
direction). 


OPERATION 


The protection of the ground directional overcurrent is activated if there are the two 
following conditions during a time equal to the selected temporisation: 


* The residual current is higher than the adjustment threshold (detected by toroid 
or zero sequence systems) 


* The residual current phase compared to the residual voltage is in a gap (an angle 
8), called "tripping area". To make a (fantasist) comparison, the cos phi between 
earth fault voltage and earth fault current is not acceptable.... 
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tripping area 


Irsd, A 


characteristic angle 


8 rsd 
Irsd, B 


rsd 
non tripping area 


Figure 176 tripping area of the directional ground overcurrent protection 


The current Irsd, A activate the protection while the current Irsd, B does not activate it. 


System of protection used when a transformer not equipped with differential protection is 
in parallel with another source of energy. It becomes necessary to use a protection 
capable of initially separating the network following which selective clearance of the faulty 
equipment can be achieved. 
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14. MAINTENANCE AND OIL TESTING 


14.1. MAINTENANCE PLAN 


14.1.1. Periodic Inspection 


The following is a check list of the more important points to be checked at least annually, 
as recommended below, or as needed or as your specific maintenance schedule. 


1. Determine that the oil level in the transformer tank and all liquid filled 
compartments, such as junction boxes or switches, is satisfactory. Test the 
dielectric strength of the liquid. Oil from the tank bottom that tests 24 kV or less 
should be filtered. Refer to manufacturer data sheet and recommendations for 
acceptable levels. 

2. Clean all bushings if dirty, and inspect the porcelain for cracks. 

3. Check the pressure relief device, if furnished. 


4. Check temperature gauge, liquid level gauges, pressure gauges, and other 
indicators. Record quarterly. 


5. Check temperature gauge drag pointer to see if there is evidence of excessive 
loading at some time in the past. 


6. Make megger check or power factor check of insulation for comparison with 
previous observations. 


7. Clean fan blade and check fan operation by turning control switch to "Manual". 
8. Check paint on tank and accessories and repaint when required. 
9. Make certain that no tools or other objects have been left in, or on, the transformer. 


10. Close all openings after completion of inspection. 


14.1.2. Insulation Power Factor and Resistance Measurements 


Regular insulation resistance or power factor measurements provide a means of observing 
and recording changes in the insulation due to moisture accumulation or chemical 
deterioration. 


Insulation resistance and power factor measurements are also necessary in indicating the 
progress of drying a transformer or its oil. 
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Unit should be de-energized when performing electrical tests. 
Precautions: 


* Every measurement should be taken carefully, using the same procedure in each 
case to be consistent. 


* Do not use an instrument having a voltage output in excess of the voltage rating 
of the winding being tested. Record the readings every two hours when 
measurements are made in connection with drying a transformer. When vacuum 
drying, take readings after each vacuum period, before and after filling with oil. 


* Before taking measurements, make sure bushings are clean and dry, as dirty 
porcelain may cause low readings. 


14.1.3. Power Factor 


Short circuit each winding at the bushing terminals when measuring power factor. All 
windings except the one being tested should be thoroughly grounded. No windings should 
be allowed to "float" during the measurement. Any winding which is solidly grounded must 
have the ground removed before the power factor can be measured on that winding. If this 
is not possible, do not include the winding in the power factor measurements, as it must be 
considered part of the ground circuit. 


Power factor readings should be taken for each winding to all other windings and ground. 
Examples of the readings to record for a two winding transformer are: 

* HV: LV, GND 

* LV: HV, GND 
Temperature affects power factor readings considerably. Therefore, it is necessary to 
determine the insulation temperature at the time the readings are taken for correct 
interpretation. It is usually sufficient to take top and bottom oil temperatures. When 
checking the top oil, use alcohol thermometer rather than a mercury one, as there is less 


danger to the transformer in case of breakage. 


The bottom oil temperature can be measured by placing a thermometer in a stream of oil 
drained from the bottom filter valve. 
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14.1.4. Insulation Resistance 


Insulation resistance can be measured with a megohmmeter (with a 1000 V megger) or 
megohm bridge. Be sure the scale of the instrument reads higher than the insulation 
resistance being measured. 


Insulation resistance measurements will vary widely from transformer to transformer. For 
new equipment an approximate minimum value for insulation resistance is 25 Megohm’s 
per kV of rated line to line voltage. (See table hereafter) 


During the drying process, insulation resistance measurements are necessary and should 
be taken at two-hour intervals at fairly constant temperatures. Both the resistance and 
temperature of the insulation should be recorded. Short circuit and ground all windings 
except the one being tested. 


When “meggering”, take the reading after the megger voltage has been applied to the 
winding for about a minute. Keep this period of time consistent for all readings throughout 
the drying process. 


While comparing megger values at different temperatures, correction for temperature 
variations shall be made according to the rule of doubling the megger value for every 10° 
drop on temperature, or taking half the megger value for every 10° increase in temperature 
with interpolation in between. (See table under for more precise correction) 


alae Insulation Resistance Temperature Correction 
Transformer Corcactlon Transformer Conaction 
Class kV Megohms a ye Factor ea Factor 

1.2 32 95 89.0 35 2.5 
25 68 90 66.0 30 1.8 
5) 135 85 49.0 25 1.3 
8.66 230 80 36.2 20 1.0 
15 410 wo 26.8 15 0.73 
25 670 70 20.0 10 0.54 
34.5 930 65 14.8 3 0.40 
45 1240 60 11.0 0 0.30 
69 1860 Se) 8.1 -5 0.22 
50 6.0 - 10 0.16 
45 4.5 - 15 0.12 


Table 12 insulation value (winding to ground) and temperature correction for new 
transformer 
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14.1.5. Interpretation of Measurements 


Power factor measurements are the most reliable in determining dryness and should be 
taken in preference to insulation resistance, especially in large and high voltage 
transformers. 

As the drying proceeds at a constant temperature, the insulation power factor will generally 
decrease. 


Finally it will level off and become reasonably constant when the transformer becomes dry. 
In some cases, the power factor may rise for a short period early in the drying process. 


The insulation resistance will generally increase gradually until near the end of the drying 
process, then the increase will become more rapid. Sometimes, the resistance will rise and 
fall through a short range one or more times before reaching a steady high point. This is 
caused by moisture in the interior parts of the insulation working through the portions that 
have already dried. 


The drying process should be continued for approximately 12 hours after the insulation 
power factor becomes consistently low and the insulation resistance becomes consistently 
high. 


When vacuum drying is used, it may be more difficult to obtain insulation power factor and 
resistance measurements at convenient temperatures. Such irregularities, however, do not 
outweigh the value of drying the transformer by this method. It is recommended that in 
case of questionable readings, the log of insulation power factor and resistance readings 
with time and temperatures be submitted to the factory for comments. Include in this 
information the transformer serial number, description of measuring instruments used, 
drying out procedure, methods of taking temperature readings, and any other pertinent 
data. 
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14.2. TROUBLESHOOTING 


Transformer failures may occur in either the electric, magnetic or dielectric circuits. 


Symptom 


Cause 


Electric Circuit 


Overheating 


Continuous overload 
Wrong external connections 
Poor ventilation 


High surrounding air temperature(Rating is based on 30°C average 
temperature over 24 hour period with peaks not to exceed 40°C) 


Reduced or Zero Voltage 


Shorted turns 
Loose internal connections 


Faulty Tap changer. 


Excess Secondary Voltage 


Input voltage high 


Faulty tap changer. 


Coil Distortion 


Coils short circuited. 


Insulation Failure 


Continuous overloads 
Mechanical damage in Handling 


Lightning surge 


Breakers or Fuses Opening 


Short Circuit 
Overload 


Inrush current Internal or External. 


Excessive Bushing Heating 


Improper bolted connection. 


High Voltage to Ground 


Usually a static charge condition (using rectifier or VTVM meter) 
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Magnetic Circuit 


Vibration and Noise 


Low Frequency 
High input voltage 


Core clamps Loosened in shipment or handling 


Overheating 


High Exciting Current 


High input voltage. 


Low Frequency 
High input voltage 


Shorted turns 


High Core Loss Low frequency 


High input voltage. 


Insulation Failure 


Very high core temperature due to high input voltage or low frequency. 


Dielectric Circuit 


Pressure Relief Device 
Operation 


Insulation failure. 


Burned Insulation Lightning 
surge Broken bushings, taps or 
arrestors. 


Switching or line disturbance 


Overheating 


Inadequate ventilation 


Breakers or Fuse open 


Insulation failure 


Bushing Flashover 


Environmental contaminants 


Abnormal voltage surge. 


Mechanical 


Cracked Bushing 


Loss of Pressure 


Overstress due to cable load 


Mechanical handling 


Check gaskets, cracked bushing, welds 


Table 13: Troubleshooting on transformer 
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If any of the above symptoms are noticed, the transformer should be immediately removed 
from service. Immediate attention may save a large repair bill. Many times the trouble can 
be quickly determined and the transformer returned to service. If the trouble cannot be 
definitely corrected, the transformer should be taken out of service until the cause has 
been found. 


It may be necessary to remove the Man/Hand hole cover for a closer examination. If no 
apparent fault can be found, the core and coil may have to be removed for a detailed 
inspection. Removal of the core and coils is usually a factory or service shop operation. As 
this will mean replacing many parts when reassembling, it is advised that the trouble be 
reported to the factory before removing the core and coils. 


The advice from the factory may again save a large repair expense. When writing, 
describes the nature of the trouble, the extent and character of any damage, and list full 
nameplate information. 


Thermography: 
If there is a thermography campaign on your plant, do not forget to “see” your 


transformers, it will give you some information about (external) hot points which could be 
on LV connections side for example. 


Figure 177 Thermograph of a transformer 


Training course : EXP-MN-SE150-FR 
Last revised: 17/03/2008 Page 183 / 209 


Field Operations Training 
Electrical Maintenance 


TOTAL Transformers and Power Transformers 


Thermography is not a unique and acceptable test for transformers; you cannot “see” the 
internal hot point and not systematically insulation break (arcing) in HV bushings and/or 
HV connections 


14.3. MAINTENANCE OF INSULATION OIL 


14.3.1. Sampling of Transformer oil 


A large mouth clear plastic (or glass) bottle with a lid should be used for collecting samples 
of transformer oil. 


Before using the bottle, clean it with Xylene or other non-residual solvent and dry it well. 


Rinse the container several times with the oil to be tested before collecting the sample. If a 
dielectric test only is to be made, 20 cl of transformer liquid will be sufficient; however, if 
other tests are to be made, drain off half a liter. For DGA sampling, a syringe should be 
used to take the oil sample. 


Test samples should not be taken until the oil has settled. This time varies from eight 
hours for a barrel to several days for a large transformer. Cold oil settles more slowly and 
not as completely as warm oil. 


Always take samples from the sampling valve at the bottom of the tank or storage drum. 
When sampling, drain off about 3 to 5 litres of liquid to be sure that a true specimen is 
obtained and not one that may have collected in the pipes. A clear container is best for 
observing the presence of free water and other contaminants. If any are found, an 
investigation should be conducted to determine the cause, and the situation remedied. 


Although water may not be present in sufficient quantity to settle out, a considerable 
amount of moisture may be suspended in the oil. The oil should, therefore, be tested for 
dielectric strength. Care must be taken to prevent contaminating the oil sample after it has 
been collected. The sample should be taken on a clear, dry day when the oil is as warm or 
warmer than the surrounding air. A small amount of moisture from condensation or other 
causes may produce a poor test. 


14.3.2. Deterioration of Insulating Oil 


14.3.2.1. Effect of Oxygen on Oil 


Moisture contamination is one of the most common causes of deterioration in the 
insulating quality of oil. This contamination can be eliminated by purification. A less rapid 
but more serious characteristic deterioration, the formation of acids and sludge, is caused 
by oxidation. Thus, the exclusion of oxygen is of prime importance. In free-breathing 
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transformers, the oxygen supply is virtually unlimited and oxidative deterioration is 
consequently faster than in sealed transformers. Atmospheric oxygen is not the only 
source of oxygen available for the oxidation of insulating oils; water also serves as a 
source of oxygen and, therefore, leaky gaskets constitute a very real hazard due to both 
oxidation and moisture contamination. 


The rate of oxidation also depends on the temperate of the oil; the higher the temperature, 
the faster the oxidative breakdown. This fact points to the importance of avoiding 
overloading of transformers, especially in the summertime. Oxidation results in 


* the formation of acids in the insulating oil, and 


* The formation of sludge. 


14.3.2.2. Moisture in Oil 


Water can be present in oil 
* In a dissolved form, 
* As tiny droplets mixed with the oil (emulsion), or 
* Ina free state at the bottom of the container holding the oil. 


Demulsification occurs when the tiny droplets unite to form larger drops which sink to the 
bottom and form a pool of free water. Emulsified water or water in the free state may be 
readily removed by filtering or centrifugal treatment; the filtration process can partially 
remove dissolved water if the filter papers are thoroughly dried before filtration and are 
replaced frequently. 


14.3.2.3. Effect of temperature on moisture 


The amount of moisture which can be dissolved in oil increases rapidly as the oil 
temperature increases. Therefore, an insulating oil purified at too high a temperature may 
lose a large percentage of its dielectric strength on cooling because the dissolved moisture 
is then changed to an emulsion. 


14.3.2.4. Oil Deterioration in Transformers 


In transformers, sludge sticks to the surfaces through which heat should be dissipated; the 
sludge forms a blanket barrier to the flow of heat from the oil to the coolant and from the 
core and coils to the cool oil. If allowed to continue long enough, the sludge may even 
block off the flow of oil through the cooling ducts. As a result, the transformer insulation 
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gets too hot and is damaged, particularly between turns of the windings. Deterioration of 
the turns insulation may eventually lead to short circuits between turns and the breakdown 
of the transformer. 


When oxidation progresses to the point where sludge is being precipitated, the first step 
should be to remove the sludge from the transformer by a high-pressure stream of oil and 
to either replace the sludged oil or treat it with activated clay to remove the acid and 


sludge precursors. Complete treatment of the oil is normally less costly than replacing it 
with new oil. 


14.3.3. Types of Oil Tests 


Four basic tests on insulating oil, when considered collectively, give a reasonably accurate 
diagnosis with respect to the serviceability of an insulating oil. 


The tests are: 
+* Dielectric 
* Acidity, 
* Power factor, and 
* IFT (interfacial tension). 


Other tests such as water content and oxidation inhibitor content may be required due to 
the operating environment and the equipment age. 


14.3.3.1. Dielectric Test 


The dielectric test measures the voltage at which the oil beaks down. The breakdown 
voltage is indicative of the amount of contaminant (usually moisture) in the oil, and the 
voltage should be checked frequently. 


The generally accepted minimum dielectric strength is 30 kV for transformers with a high- 
voltage rating 287.5 kV and above and 25 kV for transformers with a high-voltage rating 
below 287.5 kV. 


New oil should test at least 35 kV by ASTM methods of testing. Oil is not necessarily in 
good condition even when the dielectric strength is adequate because this tells nothing 
about the presence of acids and sludge. 
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efe 


Oil Cups 


High Voltage Generator which 
can be used on site, supplied in 
220 Vac and providing up to 60 
kV (800 VA) to test oil dielectric 
strenght in the ‘oil cups” 


Figure 178 Example of material to test oil dielectric value 


14.3.3.2. Acidity Test 


New transformer oils contain practically no acids if properly refined. The acidity test 
measures the content of acids formed oxidation. The oxidation products polymerize to 
form sludge which then precipitates out. Acids react with metals on the surfaces inside the 
tank and form metallic soaps, another form of sludge. 


Sludging has been found to begin when the acid number reaches or exceeds 0.4, and 0.4 
is considered to be the normal service limit. 


New oil has as acid number of less than 0.05. The acid number (formerly referred to as 
neutralization number) equals the milligrams of KOH (potassium hydroxide) required to 
neutralize the acid contained in 1 gram of oil. It is questionable whether an oil that is 
deteriorated to the point where its acid number exceeds 0.6 can be put back into lasting 
good condition by a single renovation. It is almost certain that two or more renovations, 
spaced 6 months to 1 year apart, would be necessary. 


It is recommended that an upper limit of 0.2 be used to determine when oil should be 
renovated, as a single renovation would most probably restore such an oil to very good 
condition. Oil showing an acid number of 0.15 or larger can be expected to show 
accelerated acid formation. 


Tests have been conducted which indicate the acidity is proportional to the amount of 
oxygen absorbed by the oil. It is estimated that 0.0015 m°/L (0.2 ft*/gal) of oxygen 
absorbed in oil will cause an acidity of about 0.4 mg of KOH, which is the approximate 
acidity number at which sludging is assumed to start. 
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On the basis of this, equal loading test cycles and other assumptions, it has been 
estimated that different types of transformers would take the following periods of time 
before sludge would appear: 


* Transformers with free airaccess : 10 years 
* Transformers with conservators : 15 years 
* Transformers bolted tight : 50 years 

+ Transformers with nitrogen over oil : 67 years 


While the above periods may not correspond to actual field examples due to different load 
conditions than those assumed, they are illustrative of the relative periods of serviceability 
for the different types of transformers. 


14.3.3.3. Power Factor Test 


The power factor of an insulating oil equals the cosine of the phase angle between an AC 
voltage applied to an oil and the resulting current. Power factor indicates the dielectric loss 
of an oil and, thus, its dielectric heating. The power factor test is widely used as an 
acceptance and preventive maintenance test for insulating oil. Oil power factor testing in 
the field is usually done with the Doble type MH or M2H test set in conjunction with power 
factor tests of the oil-filled equipment. 


The power factor of new oil should not exceed 0.05 percent at 25°C. A high power factor in 
used oil indicates deterioration, contamination, or both with moisture, carbon, varnish, 
Glyptal, sodium soaps, or deterioration products. 


Used oil with a power factor in excess of 0.5 percent should be further analyzed in a 
laboratory to determine the cause of the high power factor. Oil with a power factor in 
excess of 2.0 percent may be an operational hazard. It should be investigated and either 
reconditioned or replaced. 


14.3.3.4. IFT Test 


It should be recognized that the acidity test alone determines conditions under which 
sludge may form but does not necessarily indicated that actual sludging conditions exit. 


The IFT (interfacial tension) test is employed as an indication of the sludging 
characteristics of power transformer insulating oil. It is a test of IFT of water against oil, 
which is different from surface tension in that the surface of the water is in contact with oil 
instead of air. 
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The attraction between the water molecules at the interface is influenced by the presence 
of polar molecules in the oil in such a way that the presence of more polar compounds 
causes lower IFT. The test measures the concentration of polar molecules in suspension 
and in solution in the oil and thus gives an accurate measurement of dissolved sludge 
precursors in the oil long before any sludge is precipitated. 


It has been established that an IFT of less the 0.015 N/m (15 dyne/cm) almost invariably 
shows sludging. An IFT of 0.015 to 0.022 N/m (15 to 22 dyne/cm) shows an uncertain 
condition, and an IFT value of more than 0.022 N/m (22 dyne/cm) is generally indicative of 
no sludging. 


Transformer oils whose IFT is in the range of 0.015 to 0.022 N/m (15 to 22 dyne/cm) 
should be scheduled for reclaiming, regardless of acidity values. 


14.3.4. Periodic Testing Program 


From the aspects of safety, continuity of service, and of efficient, low-cost maintenance, it 
is desirable to monitor the condition of the insulating oil by testing and to take remedial 
measures before the oil reaches a point of deterioration beyond which failure of equipment 
can be expected. 


The condition of the oil and the load conditions should determine whether an annual, 
biannual, or more frequent schedule should be followed. Normally, acidity, IFT, power 
factor, and dielectric tests should be done on oil in major electrical equipment at least once 
a year. Permanent records should be kept of all test results. Whenever the test results 
show that accelerated deterioration is occurring, more frequent oil tests should be made to 
forestall trouble. 


14.3.4.1. Idle, Oil-filled equipment 


Idle, oil-filled equipment may also accumulate moisture and should be tested at least once 
a year. The cooling coils of water-cooled transformers sometimes develop leaks, and 
water may enter the oil so fast that even weekly dielectric tests would not catch the 
trouble. A rise in the transformer oil level is the best indicator for this condition. 


Most water-cooled transformers are equipped with cooling tubes of double-wall 
construction. The intent of this construction is to bleed off any leaking water or oil into the 
space between the two walls of the tube to avoid contamination. Usually, the oil pressure, 
and a double-wall leak causes oil to be lost into the cooling system discharge. 


The loss would be indicated by low oil level in the transformer. Hence, change of oil level 
is an important indication and should be checked frequently. Distribution transformers 
need not be tested as frequently as once a year, unless they are serving critically 
important loads such as the main power station auxiliary motors and lights. 
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14.3.4.2. Circuit Breakers / Step-voltage regulator 


The presence of carbon in circuit breaker and step-voltage regulator oil introduces a 
hazard due to the tendency of the carbon to lower the dielectric strength of the oil and also 
to form deposits on insulating surfaces, reducing the insulation resistance. Carbonized oil 
is more vulnerable to moisture than clean oil. The quantity of carbon is proportional to the 
number and severity of the arcs interrupted. 


Samples of oil for dielectric test should be obtained from oil circuit breakers after a heavy 
fault or series of faults and from both types of equipment (circuit breakers and step-voltage 
regulator) at least twice a year. If an oil sample is black from suspended carbon, the oil 
should be filtered or centrifuged even though the dielectric test is good. 
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14.4. RESUTS OF OIL (FLUID) ANALYSIS 


14.4.1. For in-service insulating fluid — oil test 


Fluid Type of test Result Interpretation 
Dielectric 27 kV Acceptable 
< 35 ppm (69 KV or less) Acceptable 
Water Content < 25 ppm (69 KV-288 KV) Acceptable 
< 20 ppm (greater that 228K KV) Acceptable 
IFT > 27.1 dynes/cm Acceptable 
24.0-27.0 Marginal 
\ET 18.0-23.9 Bad 
14.0-17.9 Very Bad 
9.0-13.9 Extremely Bad 
Oil < 8.9 Poor 
(mineral) 
0.01-0.10 mg KOH/g Acceptable 
0.05-0.15 Marginal 
Neutralization coe oo 
0.31-0.60 Very Bad 
0.61-1.50 Extremely Bad 
> 1.50 Poor 
Power Factor < 0.5% Acceptable 
DBPC > 0.01% Acceptable 
Dielectric > 27 kV Acceptable 
PCB Water Content < 75 ppm Acceptable 
Neutralization < 0.20 mg KOH/g sample Acceptable 
Dielectric > 27 kV Acceptable 
Silicone Water Content < 100 ppm Acceptable 
Neutralization < 0.20 mg KOH/g sample Acceptable 


Table 14: Result of oil test for in-service transformer 
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14.4.2. Dissolved Gas Analysis 


Probability Norms (90%) (ANSI / IEEE C57.104-1991) for mineral oil filled transformers 


Key combustible Gases 


ACETYLENE C2H2 35 ppm High Energy Arcing 
Corona (Partial (Discharge) 
HYDROGEN H» 100 ppm Electrolysis of Free Water 
Arcing (If Acetylene is also present) 
METHANE CH, 120 ppm Generalized Overheating 
ETHANE C2He 65 ppm Generalized Overheating 
Hot Spot 
eles Cah, ose Severe Localized Overheating 
CARBON : - 
MONOXIDE CO 350 ppm Aging/Thermal Decomposition of Cellulose 


Non combustible Gases 


Less than 5% of total | Normal Operation 


NITROGEN N 
Greater than 5% Check for tightness of Nitrogen Seal 
Ratio less than 7 - Cellulose Breakdown 
CARBON CO 
DIOXIDE: Check CO Ratio greater that 7 Normal 
Ratio of CO2/CO CO > 500 


to improve certainty factor 


CO, > 500 


Table 15: Result of oil test for dissolved Gases 


14.4.3. Furan Analysis 


What is “Furan” Analysis? 


The questions often arise: what are Furans, and is Furan testing beneficial to my existing 
preventive maintenance plans?” 


The solid insulation of a power transformer consists basically of paper in the form of 
sheets, tapes and other pressed shapes, Heat, moisture and oxygen primarily cause 
degradation (aging) of cellulose insulation, which adversely affects the life if the paper. 


Degradation of this paper causes it to lose its tensile strength and results in the release of 
furans. 


The main goal of furan testing is to determine whether the paper in a given transformer 
has been or is being damaged by heat. 
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Furans produced from temperature build-ups are generated in two ways; the first being a 
localized area of high heat and paper damage, and the second being the general overall 
heating of the entire transformer. Early detection of paper insulation breakdown can 
prevent major damage of failure to you power transformer. 


Before furan analysis, Dissolved Gas Analysis in oil was the only non-invasive test 
performed on transformers that could indicate internal problems. By monitoring the ration 
on CO and COz found dissolved in the oil, the paper condition was thought to be 
determined. 


Many customers would like to know the present aged condition of their transformers and 
be able to estimate life expectancy so that replacement or repair costs can be managed. 
The systematic use of furan analysis to monitor paper insulation condition promises to be 
a useful and complementary technique to dissolved gas analysis (DGA) and other 
monitoring techniques. 


A furan test should be included with annual oil testing programs and trends developed to 
monitor the condition of the paper. 


The preferred method of “furanic” analysis is by HPLC (High Performance Liquid 
Chromatography), and ASTM Standard (D5837-95) has been approved which outlines 
methodology. It is now possible to measure furanic compounds in the parts per billion 
levels. 


Damage to as little as a few grams of paper is discernible in an oil sample, even in large 
transformers. 


Summary (of Furan Analysis method) 


1. Furanic compounds are the by-products in the degradation of the cellulose (paper) 
insulation. 


2. Heat, moisture, and oxygen most often cause paper degradation, with heat being 
the main factor. 


3. Furan Analysis gives an accurate indication of the rate of aging in the insulation 
system in a transformer. 


4. Furan Analysis can help prevent major damage or failure. 
5. Furan Analysis can help determine when to rewind or retire a transformer. 


Interpretation of Results 


0-100 parts per billion = 
Acceptable 


101-1000 parts per billion = Marginal 
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Greater than 1000 parts per billion = Unacceptable 


14.4.4. Oil Colour Interpretation 


Colour 


Interpretation (from light yellow to dark brown - even coal black) 


GOOD 


Oil in this classification is servicing its purpose as an insulator and coolant, and 
effectively protecting other classes of insulation from deterioration . 


Retest in one year 


Sludge is in solution and at the stage where the initial take out occurs. The void in 
the insulation paper are probably filled with sludge. Fatty type acids have begun to 
coat the internal parts of the transformer Now is the optimum time for servicing oil 
from a coast view point and to avoid potential damage to the insulation in the 
transformer 


Sludge has begun to precipitate out of the oil and accumulate on the horizontal 
surfaces and cooling ducts openings. This initial fallout of sludge should be 
removed from the transformer by thermal cleaning restoring the oil to the upper end 
of the good oil classification. If serviced at this time, there should be no loss in the 
life expectancy of the transformer. 


Sludge has begun to coat the core and coils of the transformer and act as a catalyst 
to speed up the oxidation process. Operating efficiency and oil temperature will be 
affected. The acid formed will begin to attack the solid insulation within the 
transformer. Thermal cleaning should be done as soon as possible. 


Sludge is deposited in large quantities throughout the transformer and the lower 
ends of some cooling ducts could be completely blocked with sludge. The 
possibility of a premature failure is great, and corrective action becomes mandatory. 
Permanent damage to the overall insulation system may have occurred at this time. 
Thermal cleaning is strongly recommended. 


.../.... | have seen such oil, hopefully it was in a very old design transformer (which 
had never been serviced) for which old techniques and old design with great 
quantities of materials could afford a minimum of cooling and external added 
insulation (given by this oil)... 


When oil in the transformer reaches this condition, the possibility of a failure is 
(more than) great and any reclamation (regeneration) of the oil in the transformer 
would have to be done with power off; Because of the large amount of sludge and 
high acid content, the best thing is to drain of the old oil. Flush down the internal 
parts of the transformer with hot oil refill with new oil and then thermal clean the 
transformer with the new oil. 


Table 16: transformer oil — classification (colour) status 
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14.4.5. Test Methods and Interpretations 


14.4.5.1. Dielectric (D877) 


This test is capable of revealing just two things; the momentary resistance of a liquid 
sample to the passage of current, and the relative amount of free water, dirt or conducting 
particles present in the sample. Although standards vary from system to system, most 
systems accept 27 KV or better as good. A lower break is an indication of damp or dirty oil. 


14.4.5.2. Neutralization Number (Acid Content) D974 


The first oxidation product formed in deteriorating oil is peroxide or a series or peroxides. 
The cellulose of which cotton and paper are composed react readily with peroxides. The 
result is oxy-cellulose, a compound which is lacking in mechanical strength. 


Embrittlement is the usually applied to the results of attack of peroxides on cellulose. 
Embrittled insulation cannot withstand the mechanical shock produced by surges, and the 
useful life of transformer decreases as this process of embrittlement proceeds. It is 
commonly accepted in industry that when the neutralization number exceeds 0.10 mg 
KOH per gram of oil it is time to take the corrective action on the oil. 
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15. P.C.B. 


15.1. PCB BACKGROUND 


Total Sites used (and still uses) many Transformers with PCB (Poly Chlorinated Biphenyl) 
as dielectric fluid. At time of installation, it was not admitted that PCB was a toxic material. 
By official Government Directives (at least those of Western Countries), the PCB 
transformers should have been already all replaced. 


Commercial PCB liquid in the market are as per the table after, for the most common fluids 
on the market, this list is far from being exhaustive. 


Product APIROLIO AROCLOR ASBESTOL ASKAREL BAKOLA 131 


Country Italy U.K/ U.S.A. U.S.A. U.K/ U.S.A. U.S.A. 
Product | CHLOREXTOL | CHLOPHEN DELOR DK DIACLOR 
| Country U.S.A. Germany Czechoslovakia Italy U.S.A. 
Product DYKANOL ELEMEX FENCLOR HYDOL INTERTEEN 
Country | U.S.A. U.S.A. Italy U.S.A. U.S.A. 
Product KANECLOR NOFLAMOL PHENOCLOR PYRALENE PYRANOL 
Country Japan U.S.A. France France U.S.A. 
Product SAFT-KUHL SOVOL SOVTOL 
Country U.S.A. U.S.S.R. U.S.S.R. It was USSR at that time... 


Table 17: Most common PCB fluids 

Reason to use PCB as dielectric fluid 

* Non-flammable 

* Have a good heat transfer characteristic 

* Posses excellent insulating qualities 
Since the PCB Transformers used have already more than 20 years (almost reach the end 
of transformer life...... normally....), the maintenance policy should be treated as per 
description here below, as already applied on some sites. And if there is no PCB 
transformer on your plant, do not ask for one....., anyway, nowadays, it is impossible to get 


(new) one, except second hand (or black) market. 


In some countries PCB transformers are still installed on “new” installations.. (course 
written in 2008).... 
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15.2. INSERVICE PCB TRANSFORMER 


All Transformers which contain PCB as dielectric fluid will be kept as they are. 


15.2.1. Precautions 


The following precautions should be applied with such Transformers 


* Over-current Protection on Primary and Secondary sides shall be installed and 
tested regularly. 


+ Tank shall be provided for retention of whole volume of PCB and shall be 
checked _ for any leakage 


* A proper label mentioning PCB Contain shall be installed. 
Other precautions to be followed strictly are 
* It is not allowed to buy PCB anymore 
* It is not allowed to replace PCB with other oil (such as mineral oil or silicone oil) 


* It is not allowed to discard the PCB to environment (the unused PCB must be 
given to Safety Department who (should) know(s) how to dispose it off. 


15.2.2. Maintenance 


Maintenance of Transformers contained PCB should be treated as other type of 
Transformers. In case of any PCB liquid requires to be filled-in. it should be taken from 
spare Transformer in stock or from decommissioned Transformer in store. 


The following safety precautions shall be taken during Maintenance of PCB Transformers 
* To avoid skin contact and ingestion of PCB 
* To wear approved respiratory protection 
* To move all of flammable material from PCB vicinity 
In fact, PCB presents no danger, in normal condition, no more than other dielectric fluids. 
PCB becomes dangerous when heated and lethal when burning. Inhaling smokes of 
burning PCB gives you a direct ticket for death, sooner or later, depending the amount of 
smoke you took. Seveso (Italy = 40 casualties) and Bophal (India = 10 000 official 


casualties) are the town areas where citizens “received” the smoke cloud of the in flame 
PCB factory... 
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15.3. DAMAGED PCB TRANSFORMERS 


Damaged transformers mean they could not be repaired. 
If there is any damaged Transformer, the following actions have to be taken 
* Report to hierarchy with full description of damaged Transformer 
* Bring the damaged Transformer to safe area and put in a special storage then 


the concerned service will manage with parties such as Safety and Warehouse 
for further handling. 


15.4. REPLACEMENT OF PCB TRANSFORMER 


Replacement of PCB Transformer will be done either upon it damage or after end of its 
lifecycle. 


Maintenance Head, Safety services, Purchasing, etc, needs to be informed about the 
existence of PCB transformer(s), the danger and hazard they present, and the needs 
(directives!) for replacement. 


PCB transformer should be destructed in a specialised, accredited factory, and stored 
(waiting for destruction) in a safe place like on the figure herafteer.......... 


Figure 179: PCB transformers waiting for destruction..... 
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Replacement of PCB by other oil 


It can be accepted under certain circumstances. Hereafter is a recommendation / proposal 
edited by the UNEP (United Nations Environment Program). 


It gives the characteristics of replacement oil, but in same it is the “general” standard for all 


the transformer oil. 


Mineral Oil | Silicone Oil High mol. Wt. | Synthetic Natural 
Hydro-carbon ester ester 

Dielectric breakdown 

45 40 52 43 56 
(kV) 
Viscosity (cSt) 40°C 9.2 39 113 29 33 
Viscosity (cSt) 100°C 2.3 17 12 5.6 8 
Flash point (°C) 147 300 276 270 324 
Fire point (°C) 165 343 312 306 360 
Specific heat 0.39 0.36 0.45 0.45 0.50 
Pour point (°C) - 50 - 55 - 21 - 50 -21 
Specific gravity 0.87 0.96 0.87 0.97 0.92 
Biological oxygen 6 0 6 24 250 
demand (ppm) 


Table 18: Basic properties of replacement oils 
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Characteristics IEC 296 (Class Il) ASTM D 3487 BS 148/84 
Density at 20°C < 0.895 0.91 < 0.895 
Viscosity at 40°C mm?/s < 11.0 < 12.0 < 11.0 
Viscosity at — 30°C mm?/s < 1800 < 1800 
Pour Point °C <-45 <-40 <-45 
Flash point PM °C > 130 > 130 
Flash point COC °C > 145 
Neutralisation value 
Mg KOH/g < 0.03 < 0.03 < 0.03 
Antioxidant cod ror Not detectable 0.08 Not detectable 
uninhibited oils % 

< 0.003% for bulk < 0.0035 % < 0.003% for bulk 

Water content % 

< 0.004% for drums < 0.004% for drums 
Interfacial tension nM/m > 40 > 40 - 
Breakdown voltage as 
delivered kV di - mee 
Treated kV > 50 > 70 - 
Dielectric dissipation factor at 0.005 0.003 (at 100°C) 0.005 


90°C 


Oxidation stability 


No comparable requirement 


The comparisons are between the following national or international standards 


IEC International Electrotechnical Commission 
ASTM American Society for Testing Materials 
BS British Standard 


Table 19: Replacement oil specifications of three Standards Commissions 


Training course : EXP-MN-SE150-FR 


Last revised: 17/03/2008 


Page 200 / 209 


Field Operations Training 
Electrical Maintenance 


TOTAL Transformers and Power Transformers 


16. GLOSSARY 
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19. CORRECTIONS FOR EXERCISES 


1. We have a step-down single phase transformer, with a single winding in tary and 2ary, 
we assume that Np = 1000 turns, Ns = 250 turns and E supply = 100 volts, 50 hertz. 
What is the secondary voltage? 


2. A step-down transformer is used to drop an alternating voltage from 10,000 to 500V. 
What must be the ratio of secondary turns to primary turns? 


3. If the input current of a step-down single phase transformer is 1 A and the efficiency of 
the transformer is 100 percent, what is the output current? (Draw the corresponding 
schematic diagram to help) 


4. We have a step-up single phase transformer, with a single winding in lary and 2ary, 
we assume that Np = 500 turns, Ns = 2000 turns and E supply = 5 kvolts, 50 hertz. 
What is the secondary voltage? 


5. A step-up transformer has 400 secondary turns and only 100 primary turns. An 
alternating voltage of 120 V is connected to the primary coil. What is the output 
voltage? (Draw the corresponding schematic diagram) 


6. A step-up transformer has 80 primary turns and 720 secondary turns. The efficiency of 
the transformer is 95 percent. If the primary draws a current of 20A at 120 V, what are 
the current and voltage for the secondary? (Draw the corresponding schematic 
diagram) 


7. We have a current ratio single phase transformer, assuming the transformer is “perfect” 
(no loss), we assume that Np = 1000 turns, Ns = 100 turns and Ip = 10 amperes. What 
is the current in the load of secondary? 
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8. We have a current ratio single phase transformer, assuming the transformer is “perfect” 
(no loss), we assume that U1 = 1000 volts, U2 = 100 volts and I1 = 10 amperes. What 
is the current in the load of secondary? 


9. Write the complete relation between Np, Ns, U1, U2, 11, 12. 


10.On a single phase transformer, we measure U1 = 5kV, 11= 1A, U2 = 500V and I2 = 
9.5A. What is the efficiency of this transformer? 


11.A single phase transformer draws 160 W from a 120 V line and delivers 24 V at 5A. 
Find its efficiency 


L1 
3 phases 6kV distribution 


L2 


400A per phase 


ron 


12. With a voltage and current transformer, | use a ‘PT’ primary 12000 Volts, ratio 100 / 1. 
How many volts on secondary for 6 kV? 


13.With a voltage and current transformer, | use a ‘PT’ primary 12000 Volts, ratio 100 / 1. 
Which “real” scale (in volts) can | choose for the voltmeter and what will the indication 
(in %) be for 6 kV? 


14. With a voltage and current transformer, | use a ‘CT’, ratio 500/5. How many amperes in 
secondary for 400A in line? 
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15. With a voltage and current transformer, | use a ‘CT’, ratio 500/5. Which “real” scale (in 
amperes) can | choose for the ampere meter and what will the indication (in %) be for 
400A? 


16.We have a transformer HV/LV, 6kV / 0.4kV. There is only 5.5kV on the HV network, but 
| want 400V in 2ary, which tap on primary should | connect? 


Li +12.5% O) +2.5% O-75% 
O+ 10% 0 LO) - 10% 
O) +7.5% O-2.5% O- 12.5% 
O+ 5% L-5% 


17.What is the function of a protective relay “Buchholz “? 


18.What is the meaning and functions of the ‘DGPT2?’ 


19.What are the 3 (or more?) different types of liquid dielectric used for immersed 
transformers? 


20. Transformers with forced and guided circulation of oil and forced circulation of air are of 
which type? 


QO) ONAN 
LO) ODAF 
OQ) ODWF 


Q) OF WF 
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